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Abstract
Bilaterans share a common anterior-posterior (A-P) axis that is patterned by the
Homeotic selector (Hox) genes. In Drosophila melanogaster, Hox gene expression in
spatially restricted domains along the A-P axis of the embryo determines segmental
identity. Identifying the genetic mechanisms of HOX control of development is essential
for understanding body patterning in animals. I identified and characterized the role of
evolutionarily conserved protein domains of the HOX protein, Sex combs reduced
(SCR), in protein function. SCR is required for establishing the identity of both the labial
and prothoracic segments. To identify regions of functional importance, 15 Scr point
mutant alleles were sequenced and grouped into three allelic classes: null, hypomorphic
and hypomorphic-antimorph. Null alleles were nonsense mutations resulting in
truncation and loss of highly conserved protein domains. Hypomorphic alleles were
missense and small deletion mutations in highly conserved protein domains, including
the DYTQL motif, YPWM motif and C-terminal domain (CTD). Examination of the affect
of changes in conserved domains on three SCR dependent phenotypes revealed
multiple examples of differential pleiotropy: the observation that HOX proteins are
made up of small independently acting peptide motifs that alone make small
contributions to activity. The third class is the hypomorphic-antimorphic allele, Scr14,
which is a missense mutation in the octapeptide motif. The mechanism of Scr14
antimorphy may be the acquisition of a leucine zipper motif in the octapeptide and
LASCY motifs. This leucine zipper motif confers oligomerization potential in vitro, and
allows inhibition of Scr activity by SCR14 in vivo in a reciprocal manner. Lastly, I tested
the genetic model that SCR and the HOX protein, Proboscipedia (PB), form a complex to
determine proboscis identity in the labial segment. Co-immunoprecipitation assays
were unsuccessful at detecting a biochemical interaction between PB and SCR,
indicating that the mechanism for proboscis determination may not involve complex
formation between these two proteins. Together, these results demonstrate that the
contribution of evolutionarily conserved HOX protein domains to HOX control of
development is complex.
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1

Introduction

1.1 Developmental Genetics
Ontogeny is a carefully orchestrated developmental sequence. The formation of a
multi-cellular organism from a single-celled embryo progresses by coordinating
cellular diversification from a pool of genetically identical cells. Regulating the
choice to form one cell type or another is imperative for producing the hundreds of
specialized cell types required for constructing a complex organism. Cellular
diversity can be achieved through the response of early cells to differential gene
expression profiles, which determines cellular fate. These cells then differentiate
into specific cell types and are organized to form tissues and organs during
morphogenesis. The production of a fully formed organism requires the sequential
completion of important developmental steps, which is primarily controlled by gene
regulation. The aim of the field of Developmental Genetics is to understand the
molecular mechanisms of development. That is, how is the information stored in an
organism’s genome used to control the complex process of development
characterized by cell determination, differentiation and morphogenesis?
Work performed in the previous century has paved the way for the modern study of
Developmental Genetics. The Modern Synthesis helped to establish evolution as a
unifying concept in biology (HUXLEY 1942). The synthesis integrated ideas from
different areas of study including genetics, taxonomy, biogeography and embryology
to provide overwhelming support for the idea that all organisms evolved from a
common ancestor. It has since been well established that genetic pathways
controlling development are also conserved throughout evolution. Shared descent
is advantages to the field of Developmental Genetics, because it allows the study of
developmental genetics in model organisms, where questions can be addressed
more rigorously. The importance of such conservation can then be used to
understand uncharacterized organisms. Drosophila melanogaster is an excellent
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model organism, and many important studies in the field of Drosophila genetics
have allowed characterization of key developmental pathways conserved in all
Metazoans. Two examples that best illustrate this conservation of developmental
pathways are the role of Pax6 in eye development and the Homeotic selector (Hox)
genes in anterior-posterior (A-P) body patterning.
Despite the obvious morphological differences between the primitive eyes of
flatworms, the compound eye of insects, and the complex camera eye of vertebrates,
the PAX6 protein determines the position of eye development in all of these
organisms (Reviewed by CALLAERTS et al. 1997). The mutation in the D.
melanogaster Pax6 gene, eyeless (ey), was first identified in 1915, but technical
limitations precluded further analysis until 1993 (HOGE 1915). A group led by
Walter Gehring cloned the ey gene from D. melanogaster and showed that ey was
conserved during evolution (QUIRING et al. 1994).
In mice, the PAX6 homologue is encoded by Small eye (Sy) and in humans it is
encoded by Aniridia (WALTHER and GROSS 1991; TON et al. 1991). The mouse and
human PAX6 proteins are similar in amino acid sequence and contain two DNA
binding domains: the paired domain and the Homeodomain (HD). When compared
to the D. melanogaster PAX6 protein, there is 94% sequence homology in the paired
domain and 90% in the HD (GEHRING 2002; QUIRING et al. 1994). In all three species,
PAX6 is expressed in the developing eye. In D. melanogaster the loss of function of
PAX6 causes a reduction or absence of eye structures, which is the same phenotype
when PAX6 expression is reduced in mice and humans (QUIRING et al. 1994). These
PAX6 loss of function experiments show a evolutionary conservation of requirement
of PAX6 for eye development. When mouse PAX6 is expressed ectopically in D.
melanogaster, that is, in cells that do not normally express PAX6, ectopic eye
development occurs in these tissues (HALDER et al. 1995). This experiment
demonstrates an instructive role of PAX6 in establishing where eye development
will occur. Interestingly, expression of mouse PAX6 in D. melanogaster produced
the identical phenotype, the ectopic development of eye structures, demonstrating
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conservation of function between Drosophila and mouse PAX6. Despite these two
genes having evolved separately for approximately 550 million years, the
localization of PAX6 expression to the eye primordia and its instructive role in
establishing eye development has been retained during evolution (HALDER et al.
1995).
Further analysis of the role of PAX6 in eye development in many different animal
phyla, including cephalopods, ascidians and nemerteans, has shown that Pax6 is
required for eye development in all Metazoa. This observation was supported by
work done in ectopic expression experiments with squid PAX6 and RNAi
experiments in planarians and nemerteans (TOMAREV et al. 1997; GEHRING 2002).
The universal requirement of Pax6 in Metazoan eye development classifies this gene
as part of mechanism that has been conserved across evolution. A second example
of this type of evolutionary conservation is the mechanism for establishing A-P body
patterning in bilaterally symmetric animals, which involves the coordinated
expression of Hox genes.
In 1894, while cataloguing naturally occurring variation William Bateson first
defined the class termed homeotic transformations, which is a class characterized
by the transformation of one body part into the likeness of another (BATESON 1894).
Genetically heritable homeotic transformations in Drosophila were first identified
by Calvin Bridges in 1915 and were called bithorax mutants, alleles of the Hox gene
Ultrabithorax (Ubx). However, it would take Edward Lewis a fourty-year period,
from 1940 onward, to identify the Hox genes that comprise the Bithorax complex
(BX-C; LEWIS 1978). This discovery was closely followed by the identification of Hox
genes located in a second cluster, called the Antennapedia complex (ANT-C; LEWIS
and KAUFMANN 1980; LEWIS et al. 1980a; LEWIS et al. 1980b; DUNCAN and KAUFMANN
1975). The homeotic transformations that occur when Hox activity is reduced or
mis-regulated, were the initial observations that suggested a role for these genes in
determination of cell fate during body pattern formation.
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Since the early 1980’s, the Hox genes and encoded protein products have been
studied extensively (KUROIWA et al. 1985; GARBER et al. 1983; SCOTT et al. 1983;
BENDER et al. 1983). It is known from analysis of Hox homologues in many Metazoan
phyla that Hox genes are required for body patterning in Bilateria. Yet, despite the
exhaustive amount of work that has been undertaken since their initial discovery to
understand how Hox genes specify cell fate, there is little understood about the
functional domain structure and contribution of evolutionarily conserved protein
motifs to overall protein function. The main goal of my thesis is to understand the
functional domain structure of a HOX protein and how evolutionarily conserved
protein domains contribute to protein function. My work focuses on characterizing
the D. melanogaster HOX protein, Sex combs reduced (SCR).

1.2 Advantages of Drosophila as a Model Organism
Thomas Hunt Morgan established the use of Drosophila as a model organism for the
study of genetics in the early 1900’s. In 1909, Morgan fortuitously identified a
white-eyed mutant fly and the subsequent characterization began the
understanding of the chromosomal basis of inheritance. From this initial discovery,
members of the Morgan lab went on to expand Drosophila as the leading genetic
system by making key advances, including the construction of the first genetic map
by Sturtevant in 1913, the development of balancer chromosomes by Müller in
1918, and ultimately the development of the Chromosome Theory of Inheritance,
that won Morgan the Nobel prize in Medicine in 1933. This established D.
melanogaster as a powerful model for the study of genetics.
There are a variety of aspects of the life cycle of Drosophila that has made this
organism amenable for laboratory use. It has a short life cycle that takes ten days
from the time the egg is laid until eclosion as an adult fly (at 25°C). This short
generation time greatly decreases wait times for experimental analyses. Also,
females are highly fecund and lay an average of 700-1000 eggs externally
(ASHBURNER 1989), which facilitates sample collection and experimental
manipulation. Most of Drosophila embryonic development occurs externally after
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oviposition allowing observation and genetic dissection of development. Lastly,
Drosophila is relatively inexpensive to maintain in the lab and is easy to work with
in large numbers.
Since the functions of many important genes have been well conserved across
evolution, information gained from the study of genetic pathways in Drosophila can
be extrapolated to other organisms that cannot be so easily manipulated in the
laboratory. There are a number of advantages to using Drosophila for
developmental genetic research. Since D. melanogaster has been studied for more
than 100 years, its genetics, life history, physiology, behaviour and life cycle have
been characterized in great detail. Of particular value to the study of molecular
biology, D. melanogaster has a sequenced genome that is well annotated (ADAMS et
al. 2000). Recently, 12 other Drosophila species were also sequenced, establishing
Drosophila as a great model for the study of evolution (Drosophila 12 Genomes
Consortium, 2007). The availability of sequence data from these 12 species, which
were chosen based on their evolutionary distance from D. melanogaster, has and
will facilitate discovery of conserved motifs, identification of new genes, and will
assist in further annotation of the D. melogaster genome. All of this genetic
sequence information is easily accessible online through databases such as Fly Base
(TWEEDIE et al. 2009).
The Drosophila genome itself is small and is composed of 4 chromosomes that carry
15,504 genes (Flybase R5.44). In contrast to the complexity of the human genome
that is composed of 23 chromosomes and approximately 23,000 genes, the smaller
size of the Drosophila genome facilitates its use in genetic studies. For example,
gene knock out experiments are not complicated by the genetic redundancy seen in
vertebrate genomes (MEYER and SCHARTL 1999; LUNDIN 1993). Also, there are a
number of readily available mutant and transgenic fly lines that can be obtained
from stock centers. These stock centers, which store mutants obtained from
mutational screens and important transgenic fly lines used in genetic manipulation
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of gene activity, greatly aid the ability to address and answer a broad number of
genetic questions.
Of greatest importance to the use of Drosophila for genetic analysis is the
availability of sophisticated genetic tools. P-element mediated, germ-line
transformation provides a mechanism for introducing DNA back into the genome
(RUBIN and SPRADLING 1982). One application of this technique is the introduction of
DNA for ectopic mis-expression studies. Ectopic gene expression systems, such as
the heat-shock and the GAL4-UAS systems, allow alteration of the temporal or
spatial expression pattern of a gene. In the heat-shock system, a gene of interest in
placed downstream of a heat-shock promoter and the fusion is introduced into the
Drosophila genome (STRUHL 1985). Upon exposure to a temperature increase,
expression of the gene of interest is induced in all cells. The main advantage of this
system is the ability for tight temporal control of gene expression. However, there
are some disadvantages including basal levels of gene expression under non-heatshock conditions, negative effects on the flies of the heat-shock alone, and the fact
that global expression of a gene may mask important phenotypes that require more
localized mis-expression to be observed (MCGUIRE et al. 2004). One method for
achieving both temporal and spatial mis-regulation of gene expression is the GAL4UAS system. This system is composed of two parts, a UAS line and a GAL4 driver
line. In the UAS line, the sequence of a gene of interest is inserted downstream of a
GAL4 Upstream Activation Sequence (UAS), and is incorporated into the Drosophila
genome by P-element mediated transformation (BRAND and PERRIMON 1993). In the
GAL4 driver line, an enhancer element drives expression of the yeast transcriptional
activator, GAL4, from a Drosophila promoter in a particular temporal and spatial
pattern. This system is very specific because the yeast transcriptional activator,
GAL4, is innocuous in Drosophila; therefore, transcription occurs of genes
downstream of the UAS only. Crossing combines the enhancer-GAL4 and UAS-gene
constructs in the progeny, allowing for expression of the gene of interest in the cells
that express GAL4. The use of this system to assay the affect of mis-expression and
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determine what portion of a protein is required for that phenotype makes the GAL4UAS system a powerful tool for characterizing wild-type gene function.
Another application of P-element mediated transformation is to follow the
expression of a gene. By having an enhancer control expression of a promoter-fused
GAL4, the expression pattern of an easily detectable reporter gene, like LacZ, can be
driven and tracked. Also, novel enhancer elements can be discovered by randomly
inserting a promoter-fused GAL4 into the genome to detect endogenous regulatory
elements in the vicinity of the insertion site. In addition, P-element mediated
transformation can be used for studying homozygous lethal mutations by mosaic
analysis (XU and RUBIN 1993) and for targeted gene disruption by homologous
recombination (RONG and GOLIC 2000).

1.3 The Development of Drosophila melanogaster
D. melanogaster is a cosmopolitan species that lays its eggs on rotting fruit. They are
holometabolous insects, meaning that they undergo complete metamorphosis and
have four distinct stages to their life cycle: embryo, larva, pupa and imago. Before
initiation of the first stage, eggs are fertilized internally and laid externally. Once the
fertilized egg is laid, fusion of the zygotic nucleus marks the commencement of
embryonic development. For the first two hours the embryo is a syncytial
blastoderm, where nuclei divide and migrate in a shared cytoplasm. The nuclei
divide synchronously every 9 minutes for the first 7 divisions of the first hour of
development. These early divisions occur in the central region of the embryo and
are followed by the migration of nuclei outwards, while still dividing. A key event
occurs at the 10th nuclear division, when a group of approximately 15 nuclei migrate
to the posterior pole of the embryo to form the pole cells. The pole cells are the
progenitors of the adult germ cells, the sperm and ova (CAMPOS-ORTEGA and
HARTENSTEIN 1985).
After the 13th nuclear division, the somatic nuclei migrate to the outer edges of the
embryo and become enclosed by plasma membranes during the process of
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cellularization. At this stage the embryo is a cellular blastoderm. At 2h50-3h after
egg laying (AEL), the embryo proceeds through gastrulation, during which the three
germ layers are formed. Morphogenesis continues with the extension and
retraction of the germ band at 3:10 to 7:20 AEL and 7:20 to 9:20 AEL, respectively.
These two processes are characterized by cell movement, changes to cell
morphology, and the organization of cells into tissues and organs. The hatching of a
free-living first instar larva at 24h AEL marks the completion of embryogenesis.
This larva will feed and grow for 5 days, moulting twice to become a second and
third instar larva, until reaching the third instar larval stage when it becomes sessile
and pupariation is initiated. During the pre-pupal and pupal stages metamorphosis
occurs, during which the larval tissue undergoes programmed cell death, called
histolysis, and the adult structures develop from the cells in the imaginal discs.
After a total of 10 days (at 25°C), an adult fly, or imago, ecloses from the pupal case.
Following eclosion, D. melanogaster adults reach sexual maturity and repeat the
cycle (CAMPOS-ORTEGA and HARTENSTEIN 1985). The process of development
described above, from the egg to the imago, is rigidly controlled by the coordinated
temporal and spatial expression of genes.

1.4 Gene Expression in the Developing Embryo
A shared characteristic of many animal body plans is their composition of repeated,
morphologically similar metameric units. The segmented body plan of D.
melanogaster consists of 15 units, which are formed by the coordinated expression
of five classes of genes. In D. melanogaster there are two distinct segmental
registers: an early parasegmental register that is observed in the gastrulae, and a
late segmental register that is observed in the late germ band extended/retracted
embryo, larva and adult. The parasegmental register includes the primordial cells of
the posterior part of one segment and the cells of the anterior part of the adjacent
segment (MARTINEZ-ARIAS and LAWRENCE 1985). The expression of particular genes
within parasegments gives rise to the segmental register, which is first visible at
germ band extension. The end product of segmentation in Drosophila is an
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organism with 15 body segments, all with unique identity: three head (Mn, Mx, Lab),
three thoracic (T1-T3), and nine abdominal segments (A1-A9).
A series of papers appeared in the early 1980’s that indentified genes required for
body patterning in Drosophila; these genes were grouped based on the phenotype of
loss of function alleles in these genes (NUSSLEIN-VOLHARD and WIESCHAUS 1980;
JURGENS et al. 1984; NUSSLEIN-VOLHARD et al. 1984; WEISCHAUS et al. 1984; ANDERSON
and NUSSLEIN-VOLHARD 1984; NUSSLEIN-VOLHARD 1979). The five classes of genes
identified in these early screens are organized in a hierarchy. The first four classes
of genes establish segmentation, while the last class determines the identity of each
of these segments (Figure 1.1). The first class of genes is the maternal coordinate
genes, which establish the A-P and D-V axes of the embryo (NUSSLEIN-VOLHARD 1979;
Bull, 1966). The mRNA products of these genes are maternally deposited in the egg
during oogenesis and are translated after fertilization. The loss of function
phenotype of this first class are mothers that lay eggs that do not develop correctly.
For example, bicoid (bcd) mutant mothers produce embryos in which abdominal
segments replace head and thoracic segments, and there is a duplication of
posterior most structures (DRIEVER and NUSSLEIN-VOLHARD 1988). The coordinate
genes regulate genes of the second class, the gap genes, which are among the first
genes to be transcribed from the zygotic genome. The gap genes are expressed in
large contiguous regions of up to 7 segments in length. The overlap and varying
concentrations of gap protein expression provides genetic coordinates for
development along the A-P axis. Loss of function mutations in gap genes results in
the development of larval cuticle with deletions encompassing many segments. In
turn, the gap genes regulate the expression of the third class of segmentation genes,
the pair-rule group. The pair-rule class is expressed in alternating segments to
establish 14 parasegments. For example the expression of the pair-rule genes
evenskipped (eve) and fushi tarazu (ftz) alternate with each other. In loss of function
ftz mutants, all the segments derived from even numbered parasegments are
deleted; whereas, the odd numbered parasegments are deleted in eve mutants
(JURGENS et al. 1984; WAKIMOTO and KAUFMANN 1981). The pair-rule genes regulate
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FIGURE 1.1. Expression of segmentation genes in the developing embryo. A. In
situ hybridizations of representative genes from each class of genes in the
segmental hierarchy (TOMANCAK et al. 2007; TOMANCAK et al. 2002). Expression
patterns of the Maternal coordinate gene, bicoid (bcd), Gap gene, Krüppel (Kr), Pair
rule gene, runt (run), Segmental polarity gene, engrailed (en), and Homeotic selector
genes, Deformed (Dfd) and Abdominal-B (Abd-B), are shown here. B. Pictorial
representations of wild-type and mutant first instar cuticular phenotypes observed
in loss of function mutants for each class of segmentation gene. Loss of function
phenoypes for the Maternal coordinate gene, Bicaudal (Bic-D), Gap gene, Kr, Pair
rule gene, fushi tarazu (ftz) and Segmental polarity gene, gooseberry (gsb) are shown
here. Cuticular representation was modified from NÜSSLEIN-VOLHARD and WEICHAUS
(1980). C. Homeotic loss of function phenotypes in the proboscis. The Hox genes
Sex combs reduced and proboscipedia are required for proboscis determination. In
pb+Scr+ flies, a wild-type proboscis develops. In pb-Scr+ flies, there is a homeotic
transformation of the proboscis towards a leg. In pb+Scr- flies, there is a homeotic
transformation of the proboscis towards a maxillary palp and in pb-Scr- flies, the
proboscis is transformed into an antenna (A. PERCIVAL-SMITH, With Permission).
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the expression of the segment polarity genes, which are required for establishing AP polarity within a segment. The role of these genes in determining polarity is
demonstrated by the loss of function phenotype of this group of genes, which is the
mirror-image transformation of all segments. The boundaries of each parasegment
are defined by the expression a set of genes including the segment polarity genes,
engrailed (en) and wingless (wg).
Once the first four classes of genes establish segmentation, the identity of each body
segment is determined by the expression of the fifth class: the Hox genes. Hox gene
expression during embryogenesis is controlled in spatially restricted domains along
the A-P axis by the segmentation genes (INGHAM and MARTINAS ARIAS 1992). For
example, the Hox gene Deformed (Dfd) is expressed in the maxillary segment at the
anterior end of the embryo, while the Hox gene Abdominal-B (Abd-B) is expressed in
the most posterior end of the embryo in abdominal segments 8 and 9. The unique
identity of the body segments, which are characterized by particular anatomical
structures, is achieved by Hox control of different subsets of target genes within
primordial cells to determine cell fate. When Hox expression is absent, a segment
develops with antennal identity, which represents the default state. The phenotype
of loss of function and gain of function alleles in Hox genes are the homeotic
transformations of one segment into the likeness of another (BATESON 1894; BRIDGES
1915).
The field of evolution and development focuses on the conservation of genes of
developmental hierarchies. From a comparative analysis between species, it has
been observed that the best-conserved components of the D. melanogaster
segmentation hierarchy are the fifth class of genes found at the bottom: the Hox
genes. The Hox genes and their role in body patterning have been conserved in all
bilaterally symmetric animals. In comparison, the process by which segmentation is
established can vary considerably between animals, even within the Class Insecta.
One example of a gene in the hierarchy that has not been well conserved is the pairrule gene, ftz. During segmentation in both Drosophila and the red flour beetle,
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Tribolium, ftz is expressed in a seven-stripe pattern. In the grasshopper,
Schistocerca, ftz is present in the genome but neither expression of or expression in
a segmentation pattern has been observed (HEFFER et al. 2010; LOHR et al. 2001).
Though homologues for many segmentation genes are found in a number of
animals, their developmental roles have often changed. This is because the same
result, in this case a segmented organism, can be produced by different
combinations of segmentation genes, negating the need for conservation (MINELLI
and FUSCO 2004). In sharp contrast, some components of the segmentation
hierarchy are remarkably well conserved. For example, hedgehog (hh) and wg
signaling pathways are found throughout Bilateria. This conservation and nonconservation throughout evolution is fundamental for defining the genetic tool kit of
development.

1.5 The Genetic Tool Kit
Two key events occurred in the evolution of Metazoans: the advent of
multicellularity and the subsequent ability of these cells to differentiate into specific
cell types. The first step was achieved by the appearance of novel signaling
molecules and signaling pathways that allowed communication between cells, and
the second by the appearance of novel transcription factors required for
determination of cell fate. These two types of molecules have been extremely well
conserved throughout evolution and constitute what is called a “genetic tool kit”
(CARROLL 2005). It is within this class that both genes required for body patterning,
the Hox genes, and eye development, Pax6, are found. Tool kit genes are defined by
specific characteristics: they comprise a small portion of all genes in a genome, they
encode transcription factors or signaling pathway components, spatial and temporal
expression of these genes correlates well with the region in which they have an
affect, and lastly, they are conserved across evolution (CARROLL 2005).
In Drosophila, there are at least seven major signaling pathways, all of which have a
vertebrate counterpart (CARROLL 2005). One well-studied example of conservation
of a signaling pathway is the hh signaling pathway, which was first identified in
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Drosophila. hh is a segment polarity gene that encodes a secreted ligand. The
receptor of hh is the transmembrane protein Patched (PTC). PTC normally
suppresses Smoothened (SMO), a signal inducer protein normally found in
intracellular vesicles. When HH is present, it binds PTC, which blocks the ability of
PTC to inhibit SMO. SMO is then translocated to the cell membrane and is
phosphorylated, initiating a cascade of events that leads to the transcriptional
activation of hh target genes (Reviewed by INGHAM et al. 2011). Most Bilaterans
have at least one copy of the hh gene. In mammals, there are three hh homologues:
Desert Hedgehog (Dhh), Indian Hedgehog (Ihh) and Sonic hedgehog (Shh). Other
components of this pathway, PTC and SMO, are also found in most Bilaterans and in
Cnidarians as well (RICHARD and DEGNAN 2009; MATUS et al. 2008). Like Drosophila,
vertebrate hh orthologues are involved in body patterning and morphogenesis.
In addition to the role of hh in establishing A-P identity within a parasegment, hh is
also required with the segmental polarity gene, wg, to maintain parasegmental
boundaries. The wg signaling pathway, known as the WNT signaling pathway in
vertebrates, is a second example of a pathway conserved throughout evolution. In
vertebrates, the wg homologue, Wnt, is found in numerous paralogous copies, which
play a role in controlling cellular fate. Both hh and wg constitute genetic tool kit
genes that are a part of an established evolutionary mechanism for development in
all Metazoans. This genetic tool kit includes both signaling pathway components as
well as another class: developmentally important transcription factors. The Hox
genes fall into this latter class of genetic tool kit genes. The role of Hox genes in body
patterning has been extremely well conserved across Bilateria.

1.6 The Homeotic Selector genes as members of The Genetic Tool
Kit

A number of animal body plans occur in nature. Each phylum has a unique body
plan defined by a set of shared morphological characteristics, such as symmetry,
number of body segments, and number of limbs. Within the kingdom Animalia the
most common type of body plan exhibits bilateral symmetry and these phyla are
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collective termed, Bilateria. Despite the morphological disparity of body types,
Bilateria share a common axis of symmetry along the A-P axis, which is patterned by
the evolutionarily conserved Hox genes. Hox genes were first identified in D.
melanogaster and their role in body patterning has been extensively studied both in
Drosophila and numerous other organisms. Characterization and comparison of the
role of these genes in different animals has led to four key discoveries: the
conservation of Hox gene structure, expression, requirement and function in
Bilaterans.
The first surprising discovery made with the Hox genes and evolution is the
extensive level of DNA and protein sequence conservation. In D. melanogaster, there
are 8 Hox genes: labial (lab), proboscepedia (pb), Deformed (Dfd), Sex combs reduced
(Scr), Antennapedia (Antp), Ubx, abdominal-A (abd-A) and Abdominal-B (Abd-B),
which are located in two gene clusters on the third chromosome (Figure 1.2). There
are five genes found in the Antennapedia Complex (ANT-C), and three that are found
in the Bithorax Complex (BX-C). All Hox genes contain a homeobox, which encodes a
DNA binding domain called the Homeodomain (HD; MCGINNIS et al. 1984; SCOTT et al.
1984). The amino acid sequences of HOX HDs are highly conserved, with few
changes between the eight Drosophila HOX proteins. However, these small
differences in the HD allow identification and classification of orthologous genes in
other organisms. The use of the HD sequence to screen for Hox orthologues
revealed that Hox genes are found in most animals (deROSA et al. 1999; GARCIAFERNANDEZ 2005; LEMONS and MCGINNIS 2006; MCGINNIS et al. 1984). In Bilaterans,
Hox genes are found in gene clusters (MCGINNIS and KRUMLAUF 1992; RUDDLE et al.
1994). In vertebrates, there are 38 Hox genes found in four paralogous gene
clusters on four different chromosomes. Where the Hox genes are found in intact
paralogous gene clusters in vertebrates, in some organisms including Drosophila,
there has been minor to major reorganization of the Hox complex (YASUKOCHI et al.
2004; ABOOBAKER and BLAXTER 2003; IKUTA et al. 2004). In Drosophila the ancestral
cluster is split into two, whereas, in tunicates the Hox genes are found throughout
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FIGURE 1.2. Hox expression in the Drosophila embryo. The Hox genes of the
Antennapedia and Bithorax complex are expressed in spatially restriction domains
along the anterior-posterior axis in the order in which they are found along the
chromosome. This is termed “co-linearity”. The D. melanogaster embryo is divided
in three head segments: Mandibular (Md), Maxillary (Mx) and Labial (Lb), three
thoracic segments (T1-T3) and nine abdominal segments (A1-A9). The expression
of the Hox genes in the Antennapedia Complex, labial (lab; orange), proboscipedia
(pb; yellow), Deformed (Dfd; light purple), Sex combs reduced (Scr; red) and
Antennapedia (Antp; dark green), and the Bithorax complex, Ultrabithorax (Ubx;
dark purple), abdominal-A (abd-A; blue) and Abdominal-B (Abd-B; light green), is
indicated. The Hox gene found at one end of the Antennapedia complex, lab, is
expressed in the most anterior region of the developing embryo; whereas, the gene
found at the other end of the Bithorax complex, Abd-B, is expressed in the most
posterior region of the developing embryo. Speckled regions in the head indicate coexpression of pb with Dfd in the maxillary segment and of pb with Scr in the labial
segment. Stripped segments in the abdomen indicate overlap of Ubx and abd-A
expression. This figure was adapted from LEMONS and MCGINNIS (2006).
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the genome with loss of cluster formation altogether (SEO et al. 2004). Despite
structural rearrangement, and order of genes found within a complex is conserved,
and there is no affect on how these genes are expressed during development,
indicating that regulatory elements have been translocated with each
transcriptional unit (NEGRE et al. 2005).
Another conserved and striking observation with Hox gene expression is pattern. In
particular, the pattern of expression of a gene relative to its position within the
complex, which is termed “co-linearity”. The order in which Hox genes are found on
the chromosome corresponds to the order in which they are expressed along the AP axis of the embryo. For example, lab/Hox1 is expressed at the most anterior end
of the developing embryo in insects and vertebrates, whereas, Abd-B/Hox9-13,
found at the other end of the gene complex, is expressed at the most posterior end.
All other Hox genes line up in between. In some animals, slight deviations from this
rule are observed. In Oncopeltus, the expression domains of some Hox genes have
been slightly modified, yet the functions of these genes have not changed
significantly from Drosophila (ANGELINI et al. 2005).
Hox genes also exhibit conservation of requirement. In many animals studied thus
far, Hox genes function to determine segmental identity along the A-P axis. In
Drosophila, when Hox gene expression is lost or mis-expressed, the result is the
homeotic transformation of one body segment into the likeness of another.
Homeotic transformations are also observed in mice. Studies using homologous
recombination to disrupt endogenous Hox genes have shown that Hox genes control
developmental cell fate in mice as well. In viable, homozygous Hoxa4 and Hoxa5
mutant mice there is a homeotic transformation of the 7th cervical vertebrae to
thoracic vertebrate identity (HORAN et al. 1994; JEANNOTTE et al. 1993).
Lastly, the function of Hox genes has been well conserved throughout evolution.
Ectopic orthologue expression studies in Drosophila have revealed that vertebrate
Hox homologues can elicit similar segmental transformations seen with ectopic
expression of their Drosophila counterparts (ZHAO et al. 1993; MALICKI et al. 1990;
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MCGINNIS et al. 1990). For example, expression of mouse HOXB6 during Drosophila
embryogenesis induces the similar homeotic transformations seen with global
misexpression of Antp, which is the transformation of head structures towards
thoracic identity (MALICKI et al. 1990). Despite millions of years of evolution from
the split between the last common ancestor of Arthropods and Chordates, the
structure, expression, requirement and function of HOX proteins is remarkably well
preserved. In summary, the Hox genes meet all criteria for tool kit genes. They
comprise a small of portion of all genes in a genome, they encode transcription
factors, homeotic transformations reveal that the spatial and temporal expression of
Hox genes correlates with the region in which they have affect, and lastly, they are
well conserved across Bilateria.
As an important part of an evolutionary mechanism integral for the diversity of
morphological variation seen in nature, a large amount of effort has been invested in
understanding how Hox genes control body patterning. The function of these genes
in establishing cell fate across evolution is known, but exactly how do these proteins
achieve functional specificity in vivo?

1.7 HOX Specificity
There are many lines of evidence that demonstrate that HOX proteins function as
regulators of gene expression. First, HOX proteins have a DNA binding HD
(MCGINNIS et al. 1984). Second, many experiments have demonstrated that HD
containing proteins can control transcriptional activation or repression of target
gene activity (TOUR et al. 2005; CAPOVILLA et al. 1994; JAYNES and O’FARRELL 1988).
Last, gain of function and loss of function alleles of Hox genes have demonstrated
that these genes have defined functions. For example, the Hox gene Antp is required
for establishing T2 leg identity and Scr is required for T1 leg identity. Microarray
analyses of downstream target genes of Hox expression have shown that each Hox
gene, with perhaps the exception of Abd-B, regulates a unique set of target genes
(HUEBER et al. 2007). Despite unique in vivo expression profiles, Drosophila HOX
proteins share a high degree of sequence similarity in the HD and bind the same
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DNA sequences in vitro; therefore, it is unclear how HOX proteins achieve specificity
in vivo.
To understand HOX specificity, studies first aimed to identify the regions of HOX
proteins required for functional specificity. Examination of chimeric ANTP and SCR
proteins narrowed down the region required for specificity to residues 1, 4, 6 and 7
of the HD (FURUKUBO-TOKUNAGA et al. 1993; GIBSON et al. 1990). This particular region
of the HD interacts with the minor groove of DNA, and was proposed to alter
specificity by selective protein-protein interactions with other regulatory proteins
and/or by affecting DNA binding. One mechanism that may affect specificity by this
latter mode is post-translational modification. The HOX protein SCR was reported
to be phosphorylated at residues 6 and 7 of the HD, which are threonine and serine
residues, by serine-threonine protein phosphatase 2A (dPP2A,B’; BERRY and GEHRING
2000). In ectopic expression experiments, expression of SCR molecules mimicking
constitutively dephosphorylation at residues 6 and 7 were active and could induce
transformations typical of overexpression of wild-type SCR, such as the formation of
ectopic T1 beards and embryonic salivary glands. The version of SCR mimicking
constitutively phosphorylation was found to be inactive due to impaired DNA
binding (BERRY and GEHRING 2000). However, in another study, a null mutation in
PP2A,B’ did not result in the expected decrease of SCR activity (MOAZZEN et al. 2009).
Despite the loss of PP2A,B’ activity, there was no significant change in the
development of three SCR dependent structures: the sex comb bristles on T1 leg, the
proboscis and the larval salivary glands. This latter observation questions the role
of phosphorylation as a mechanism for determining SCR specificity.
Another potential solution is the regulation of HOX specificity through interaction
with HOX cofactors. The best-studied HOX cofactor is Extradenticle (EXD). exd is a
zygotic, X-linked embryonic lethal allele that causes homeotic transformation of
segments (WIESCHAUS et al. 1984; WIESCHAUS and NOELL 1986). In exd loss of function
mutants the expression pattern of Hox genes is not altered, though the segments
themselves have different segmental identities (PEIFER and WEISCHAUS 1990). The
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ectopic expression of UBX in exd null embryos also demonstrates the role of EXD in
conferring segmental identity. Where ectopic UBX expression normally results in
the transformation of head and thoracic segments towards A1 identity, ectopic
expression of UBX in exd null mutants results in the transformation of these
segments towards A3, rather than A1, identity (MANN and HOGNESS 1990; PEIFER and
WEISCHAUS 1990).
The interaction between EXD and HOX proteins is direct. Using yeast two hybrid
assays it was determined that this interaction is dependent upon the EXD HD and
the region of UBX encoding the HD plus a 15aa sequence upstream, which includes
the highly conserved YPWM motif (JOHNSON et al. 1995). A direct interaction
between EXD and another HOX protein, ABD-A, has also been observed in vivo using
bimolecular florescence complementation (BiFC; HUDRY et al. 2011). The interaction
of EXD with HOX proteins confers specificity by altering the sites to which HOX
proteins bind. HOX monomers bind indiscriminately to 8-10bp sequences in vitro;
however, HOX-EXD heterodimers bind sequences that are specific to a particular
HOX protein (SLATTERY et al. 2011; MULLER et al. 1988, CHO et al. 1988; HOEY and
LEVINE 1988. One example of EXD dependent specificity is the role of SCR and EXD
in salivary gland development (RYOO and MANN 1999). Together, SCR and EXD
regulate the expression of a number of salivary gland genes including forkhead (fkh).
It has been shown with in vivo and vitro experiments that SCR and EXD bind
cooperatively to the fkh[250] enhancer; whereas, other HOX-EXD heterodimers do
not bind this enhancer in vivo and bind with a low affinity in vitro (RYOO and MANN
1999). The principle EXD interaction domain in HOX proteins, the YPWM motif, is
highly conserved and found in all HOX proteins. The YPWM motif of SCR makes a
protein-protein interaction with the hydrophobic pocket of the EXD HD (JOSHI et al.
2007). Deleting the YPWM motif of the mammalian homologue, HOXA5, results in
an inability to induce ectopic Forkhead (FKH) expression (ZHAO et al. 1996);
however, this deletion of 16 amino acids includes a His residue important for minor
groove interactions between SCR and EXD with the fkh enhancer element (JOSHI et
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al. 2007). This latter observation suggests the presence of regions in addition to the
YPWM motif that are required for interaction with EXD.
There are, however, many examples of EXD independent HOX function. Though EXD
is required with SCR for salivary gland development, EXD is not required with SCR
for the formation of sex comb bristles and pseudotrachea (PERCIVAL-SMITH and
HAYDEN 1998; JULIA et al. 2006). This is similar to the observation that UBX does not
require EXD for haltere development (GALANT and CARROLL 2002). An explanation for
the observation that EXD is not required for all HOX dependent functions is that the
YPWM of SCR interacts with a protein other than EXD. The YPWM motif of ANTP
binds BIP2, a TATA binding protein associated factor linked with the basal
transcriptional machinery (PRINCE et al. 2008). The co-ectopic expression of BIP2
and ANTP promotes the formation of ectopic wing tissue in Drosophila (GANGLOFF et
al. 2001; PRINCE et al. 2008). Since BIP2 is expressed widely throughout all of the
imaginal discs of third instar larvae, there is a strong possibility that BIP2 may
interact with the YPWM motifs of other HOX proteins as well (GANGLOFF et al. 2001).
Despite the isolation of HOX genes more than 30 years ago, there are still major gaps
in our knowledge of how these genes function as transcription factors in the cell,
because few target genes have been identified and little is understood about general
functional domain structure.

1.8 HOX proteins as Transcription Factors
Much of our understanding of transcription factors (TF) comes from studies with a
few mammalian and yeast proteins. The work done with these few proteins is
presently how we think a TF is organized and they represent the archetypical
transcription factor (Figure 1.3). The archetypical TF has two domains: the DNA
binding domain, which directs binding to specific DNA sites, and the transcriptional
activation domain (TA) or repression domain, which mediates the affect of the TF on
transcriptional activity (PTASHNE 1988). From the work done with yeast activators,
generalizations can be made about transcription factor function (PTASHNE 1988).
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Figure 1.3. Structure of archetypical transcription factors. GAL4 (A) and the
Glucocorticoid receptor (B) are two examples of archetypical transcription factors
(PTASHNE 1988; GREEN and CHAMBON 1987). Representation of the proteins encoded
by these two transcription factors are shown here, with the N-terminal end of the
protein on the left. Both proteins encode transcriptional activation (TA) and DNA
binding (DB) domains that are modular in nature. The presence or absence of other
commonly occurring motifs, such as nuclear localization signals, negative regulatory
elements, and ligand binding domains, depends on the function of the transcription
factor in question.
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The DNA binding domain and TA domain are modular in nature, because they are
essential for function and have unique, separable functions. If the TA of GAL4 is
deleted there is no activation of transcription (KEEGAN et al. 1986); however, if the
GAL4 DBD is replaced with the DBD of the LexA repressor, transcription can still
occur, demonstrating that these domains are modular and are interchangeable
(BRENT and PTASHNE 1985). As a result of this property, the domains that were
identified in yeast also function to bind DNA and activate transcription in other
organisms, such as mammals, plants and insects. Though these domains have
unique functions, they vary in their specificity requirements. Where the surface of
the DNA binding domain makes particular contacts with DNA (ie. specific amino
acid-base pair contacts), TA domains are not as stringent and involve proteinprotein interactions mediated not by a specific amino acid sequence but often by the
presence of acidic amino acid residues (PTASHNE 1988). This latter property of TAs
allows interaction between various different TFs, which usually bind cooperatively
to DNA to initiate transcription.
Another well-studied class of TFs is the nuclear receptors, which are a superfamily
conserved throughout evolution. Estrogen receptors are ligand activated
transcription factors that have the features of an archetypical transcription factor.
The domains of Estrogen receptors are also modular and can be interchanged to
make chimeric proteins with new properties (GREEN and CHAMBON 1987). These
domains include a multi-functional ligand-binding domain, which serves to bind
hormones, acts as a dimerization domain and a TA, and a strongly conserved DBD
(Figure 1.3). This DBD also contains the nuclear localization signal (NLS) in
estrogen and glucocorticoid receptors (PICARD et al. 1990; KUMAR and CHAMBON
1988). In addition to the TA and DNA binding domains, there are other commonly
occurring motifs such as nuclear localization signals, negative regulatory elements,
and ligand binding domains. The presence or absence of these motifs depends on
the function a particular transcription factor.
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In contrast, HOX proteins do not fit the archetypical mold of a transcription factor.
All HOX proteins have a DNA binding HD, which may be the only domain with
essential function. A TA has not been definitively identified. The octapeptide motif
was found to be important for transcription activation with some HOX proteins, but
this motif isn’t found in all Drosophila HOX proteins, including PB (TOUR et al. 2005).
Other properties of HOX TFs include the presence of a NLS that is thought to be
located within the HD, and the presence of negative regulatory domains. These
latter regions are often not essential for function and are usually specific to a HOX
protein. For example the QA motif of UBX was believed to be essential for limb
repression; however, deletion of this motif resulted in a weak phenotype (HITTINGER
et al. 2005). The issues encountered with the study of HOX protein domains are
explained by increasing evidence that HOX proteins do not fit the archetypical mold
of a TF. The eight Drosophila HOX proteins have been the focus of interest for the
study of how TFs function to control segmental identity. In my thesis, the HOX
protein of greatest importance is SCR, and it will be discussed in greater detail.

1.9 The Homeotic Transcription Factor, Sex combs reduced
The first allele that identified Scr was Multiple sex combs (ScrMsc; KAUFMAN et al.
1980). This allele is a spontaneously isolated chromosome inversion that identified
and mapped the Scr locus to a chromosomal region proximal to the Antp locus
within the ANT-C. ScrMsc is a recessive lethal; however, heterozygotes exhibit a
dominant phenotype, the appearance of ectopic sex comb bristles on the
mesothoracic and metathoracic legs and the reduction of sex comb bristles on the
prothoracic leg from the normal number of 8-12 to 2-5. The Scr locus spans 25kb
and is comprised of three exons and two introns (LEMOTTE et al. 1989).
Transcription of Scr is first detected at 2:50-3:10h AEL, with continued expression
during all developmental stages (GLICKSMAN and BROWER 1988). Although the
transcript is detected during gastrulation, the SCR protein product is not detected
until germ band elongation in the labial segment, and not until germ band retraction
in the prothoracic segment (MAHAFFEY and KAUFMAN 1987). Later, in the third instar

27

larva, SCR is expressed throughout the labial and prothoracic leg discs (GLICKSMAN
and BROWER 1988; MAHAFFEY and KAUFMAN 1987).
Loss of function alleles of Scr confirmed expression data and showed that SCR is
required for the proper development of two body segments: the labial and the
prothoracic. Homozygous Scr null alleles are embryonic lethal. Cuticular
phenotypes of first instar larval mutants show the homeotic transformations of
labial to maxillary identity and prothoracic (T1) to mesothoracic (T2) identity (SATO
et al. 1985; WAKIMOTO and KAUFMAN 1980). In the labial segment there is partial
duplication of maxillary sense organs and loss of another labial derivative, the
salivary glands (PANZER et al. 1992). In the prothoracic segment, T2 denticle bands
replace T1 cuticular patterns, and there is loss of the characteristic prothoracic
derivative, the T1 beard.
The availability of another class of loss of function alleles, viable Scr hypomorphs,
has allowed the study of the role of SCR in adult development. In the labial segment,
SCR function is required for development of the proboscis, which is the adult
feeding tube, and the larval salivary glands; whereas, in the prothoracic segment,
SCR is required for establishing the identity of the prothoracic legs, which are
characterized by the presence of sex combs on the fifth tarsal segment (Lewis et al.
1980b; STRUHL 1982; PERCIVAL-SMITH et al. 1997; PANZER et al. 1992). SCR activity is
required with a second HOX protein, Proboscipedia (PB), for the formation of the
proboscis, but does not require PB for the formation of the sex comb bristles or the
salivary gland (KAUFMAN 1978). A reduction in wild-type SCR activity results in both
the transformation of the proboscis towards maxillary palp identity, indicated by a
decrease in the number of rows of pseudotrachea that develop in the proboscis and
the presence of maxillary palp like bristles, and the transformation of T1 to T2
identity, indicated by a decrease in the number of sex comb bristles present on the
T1 leg (PATTATUCCI and KAUFMAN 1991).
Gain of function experiments reveal the ability of a protein to over-write
developmental programs. Ectopic expression studies have also demonstrated the
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capacity of SCR to determine labial and prothoracic identities. Over-expression of
SCR in the developing embryo results in specific homeotic transformations of the
segments, which includes the formation of ectopic T1 beards in the T2 and T3
segments and disruption of head involution in the culticle of first instar larvae (ZHAO
et al. 1993; GIBSON et al. 1990). Global expression of SCR also induces the formation
of ectopic embryonic salivary glands (PANZER et al. 1992). In the adult, SCR misexpression causes a reduction in the size of the compound eye, malformation of the
maxillary and labial palps and the transformation of the antenna towards leg
identity (ZHAO et al. 1993; GIBSON et al. 1990). Together, the loss of function and gain
of function phenotypes of Scr demonstrate the importance of this gene in patterning
the labial and prothoracic segments. The requirement of Scr for the development of
two body segments with distinct morphological structures, demonstrates that this
gene is highly pleiotropic.
The role of SCR, and its homologues, in body patterning has been conserved from
insects to vertebrates. Within Insecta, the expression of Scr in the labial segment is
conserved between holometabolous insects, such as Drosophila and Tribolium, and
hemimetabolous insects, such as Oncopeltus, Acheta and Thermobia (DECAMILLIS et
al. 2001; ROGERS et al. 1997). Though labial expression is common to these insects,
the homeotic transformations observed when Scr expression is lost can vary. In
Drosophila, loss of Scr results in a proboscis to maxillary palp transformation,
whereas, in Tribolium and Oncopeltus, the transformation is toward antenna and
mixed antenna/leg identity, respectively (DECAMILLIS et al. 2001; HUGHES and
KAUFMAN 2000). Within the hemimetabolous insects above, the expression of Scr in
the T1 segment has changed more drastically from the broad expression pattern
seen in Drosophila to restricted patches (ROGERS et al. 1997). Despite variations in
gene expression between species, the genetic relationship between Scr and pb in the
labial segment has been shown to be preserved from RNAi studies in Oncopeltus
and Tribolium (ANGELINI et al. 2005; DECAMILLIS et al. 2001; HUGHES and KAUFMAN
2000).
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The role of the Chordate SCR homologue, HOXA5, has also been conserved in body
patterning. HOXA5 is expressed in a spatially restricted pattern in the developing
embryo and has many functions, including determining the identity of specific
vertebrae (JEANNOTTE et al. 1993). Ectopic expression of mouse HOXA5 in
Drosophila induced similar homeotic transformations seen with the overexpression of SCR. Global expression of HOXA5 resulted in the production of ectopic
T1 beards in T2 and T3 segments in the cuticle of first instar larvae (ZHAO et al.
1993). In the adult fly, ectopic HOXA5 expression caused a reduction in the size of
the compound eye, malformation of mouth parts, thickening of the arista, and a
strong antenna to leg transformation, with some legs displaying sex comb bristles
(ZHAO et al. 1993). Also, HOXA5 was able to induce expression of a fkh enhancerlacZ reporter construct, indicating the conserved capacity of HOXA5 to regulate
expression of a SCR target gene (ZHAO et al. 1993). Despite approximately 550
million years since the divergence of Arthropods and Chordates, the function of SCR
and HOXA5 has been conserved. One potential explanation for this degree of
functional conservation is the presence of highly conserved protein domains.

1.10 HOX protein structure: Conservation & Function of Conserved
motifs

Over the past decade, many animal genomes have been sequenced, in part or full,
and it is now possible to perform sequence alignments with a comprehensive
number of organisms. Comparison of protein sequences of HOX homologues has
identified particular regions that have persisted across evolution, suggesting that
these regions have been conserved because of functional importance. Conservation
of protein domains and motifs of Drosophila proteins occurs at many levels from
Bilateran specific, Phylum specific (Arthopoda), Class specific (Insecta) and Order
specific (Diptera). As more representative and complete samples of sequences from
Animals become available, it will be easier to identify and characterize sequences
that are conserved at these different taxanomic levels in the future. Many studies in
the past have focused on identifying the roles of the three Bilateran specific HOX
peptide motifs in development: the HD, the octapeptide motif and the YPWM motif.
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Despite their evolutionary conservation, only one of these three domains is essential
for function. The HD is essential for DNA binding in all HOX proteins. Since HOX
proteins function as transcription factors, the loss of their ability to regulate
transcription results in complete loss of protein activity. However, there are some
identified exceptions to HD dependent activity. One example is the HD independent
activity of FTZ (FITZPATRICK et al. 1992). The HD of FTZ is not required during
gastrulation for the activation of EN and the autoactivation of the ftz enhancer
(HYDUK and PERCIVAL-SMITH 1996). Another example is the HD independent activity
of Drosophila PAX6 during eye morphogenesis. Expression of PAX6 lacking a HD
was able to rescue the phenotype of ey2 mutants, demonstrating that this domain is
not essential for activation of genes essential for eye development (PUNZO et al.
2001).
Outside the HD there are small motifs that have been conserved with seemingly
non-essential functions, making the analysis of the functional motifs of HOX proteins
difficult and often contradictory. The YPWM motif is required for binding to the
HOX cofactor, EXD; however, studies have shown that this motif is important but not
essential for HOX specificity (JOSHI et al. 2007). The other Bilateran conserved
region, the octapeptide motif, is thought to be essential for transcriptional activity,
but to see an effect a great region of the N-terminal region must also be deleted
(TOUR et al. 2005). Also, the octapeptide motif is not found in HOX proteins, ABD-B
and PB.
At the level of Class specific conservation, there is the insect specific QA motif of
Ultrabithorax (UBX). The QA motif is required for full Ubx repression of limb
development in Drosophila when UBX is ectopically expressed (GALANT and CARROLL,
2002; RONSHAUGEN et al. 2002). Non-insect UBX homologues lack the QA motif and
the ability to suppress limb development when ectopically expressed; however,
limb repression activity can be conferred to these non-insect UBX homologues by
fusing the QA motif to the carboxyl termini (GALANT and CARROLL 2002). These
ectopic expression experiments suggested that the QA motif was essential for UBX
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activity; therefore, it was surprising that a deletion of the QA motif within the Ubx
locus produced a subtle phenotype (HITTINGER et al. 2005). A solution to why most
conserved domains are not essential is the observation of differential pleiotropy in
Ubx and Antennapedia (Antp); HOX proteins are made up of small independently
acting peptide elements that alone only make a small contribution to HOX activity
(PRINCE et al. 2008; HITTINGER et al. 2005; CARROLL 2005). Scr is a good candidate for
studying differential pleiotropy because, like Ubx and Antp, it is also highly
pleiotropic and happloinsufficient. This latter property facilitates the study of
protein sequence changes on phenotype, because small changes in protein activity
register in easily observable and measurable phenotypes.
The sequence alignment of SCR homologues found in Bilateria reveals the presence
of ten highly conserved protein regions (Figure 1.4). The octapeptide, YPWM motif,
HD and KMAS motif are conserved across evolution and are found in all Bilateran
SCR homologues. The SCKY, PQDL and NANGE motifs are conserved in most
Arthropods. The LASCY motif is found in all Insects, but a degenerate version of this
motif is found at other levels of conservation such as in the Deuterostome,
Chaetopterus variopedatus. The tyrosine residue of the LASCY motif is also
conserved across Bilateria. Lastly, the MvDYTQLQPQRL sequence (DYTQL motif)
and the Carboxy-terminal domain (CTD) are Insect and SCR specific. Highly
conserved protein domains are known to be the product of purifying selection.
Though the function of the HD is largely thought to be essential, it is poorly
understood why the other nine non-essential motifs have been maintained
throughout evolution. A large amount is known about the many functions of SCR
during development; however, a detailed analysis of the requirement of various
protein motifs for these functions is still needed. The goal of my thesis is to further
our understanding of how HOX protein structure dictates function through a
detailed analysis of the functional domain structure of the D. melanogaster HOX
protein SCR.
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FIGURE 1.4. Alignment of representative sequences of animal SCR homologues.
A. There are nine highly conserved regions of the SCR protein, outside of the
homeodomain (HD), that have been conserved at different taxonomical levels.
Sequence alignments of homologous SCR proteins are shown for each conserved
region except the Homeodomain. SCR homologues from Drosophila melanogaster
(Accession number: NP_524248), Drosophila pseudoobscura (XP_001359213),
Anopheles gambiae (XP_311616), Bombyx mori (BAA76868), Apis mellifera
(XP_623903), Tribolium castaneum (AAF42868), Publilia modesta (ADZ56089),
Schistocerca gregaria (CAA52159, partial), Glomeris marginata (CAJ56095), Daphnia
magna (BAJ05331), Tetranychus urticae, Acanthokara kaputensis (AAB92411,
partial), Capitella teleta (ABY67956, partial), Chaetopterus variopedatus (AAD55936,
partial), Branchiostoma lanceolatum (ACJ74385, partial), Hox-A5 Mus musculus
(AAH11063), Hox-B5 Mus musculus (NP_032294), Hox-C5 Mus musculus
(NP_783857, NP_032297), Metacrinus rotundus (BAF43724) and Saccoglossus
kowalevskii (NP_001158410) are compared. The phylogenetic tree is not drawn to
evolutionary scale. B. The D. melanogaster SCR protein is drawn to scale and all
highly conserved regions of the protein: octapeptide and LASCY motifs (dark green),
DYTQL motif (blue), SCKY motif (red), PQDL motif (pink), YPWM motif (orange),
NANGE motif (light green), HD (purple) and CTD (teal) are indicated. Primary
protein sequences were aligned using ClustalW2 (EMBL-EBI) and MAFFT v.6 (KATOH
et al. 2002).
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2

Analysis of the sequence and phenotype of Drosophila Sex
combs reduced alleles reveals potential functions of
conserved protein motifs of the Sex combs reduced protein

2.1 Introduction
The Homeotic selector (Hox) genes are required for patterning the anteriorposterior axis of all Bilateran animals (LEWIS 1978; CARROLL 1995). In Drosophila
melanogaster, the Hox genes establish segmental identity in the embryo by
controlling the spatial expression of target genes (CAPOVILLA et al. 1994). Although
much is known about the requirement of HOX activity in development, there is little
known about internal domain structure of these proteins and how these
transcription factors are regulated. In fact, the analysis of the functional domains of
HOX proteins has proven difficult and often contradictory (HITTINGER et al. 2005;
TOUR et al. 2005; GALANT et al. 2002; ZHAO et al. 1996). For example, the insect
specific QA motif of the HOX protein Ultrabithorax (UBX) is required for full Ubx
repression of limb development in Drosophila when UBX is ectopically expressed
(GALANT and CARROLL 2002; RONSHAUGEN et al. 2002). Non-insect UBX homologues
lack a QA motif and lack the ability to suppress limb development when ectopically
expressed in Drosophila; however, limb repression can be conferred to these noninsect UBX homologues by fusing the QA motif to the carboxyl termini (GALANT and
CARROLL 2002). These ectopic expression experiments suggested that the QA motif
was essential for UBX activity; therefore, it was surprising that a deletion of the QA
motif within the Ubx locus produced only a subtle phenotype (HITTINGER et al. 2005).
The observation of differential pleiotropy in the Ubx and Antennapedia (Antp) loci
offers a potential explanation for these difficulties; HOX proteins are made up of
small independently acting peptide elements that alone only make a small
contribution to HOX activity (PRINCE et al. 2008; HITTINGER et al. 2005; CARROLL
2005). Uniform pleiotropy is the same relative behavior of a set of alleles in a locus
on two or more phenotypic characteristics, whereas, differential pleiotropy is a
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distinct relative behavior. Differential pleiotropy has been described in Ubx
(HITTINGER et al. 2005). Analysis of the Ubx-QA allele revealed a differential
requirement for the QA motif in the development of various UBX dependent tissues.
This preferential requirement for the QA motif in a subset of tissues is an example of
differential pleiotropy (HITTINGER et al. 2005). In addition, the YPWM motif of the
HOX protein Antennapedia (ANTP), a motif that has been conserved across
evolution in most HOX proteins, exhibits differential pleiotropy by being required
for the formation of ectopic wing tissue but not the formation of ectopic leg tissue
(PRINCE et al. 2008).
The sequence of Scr mutant alleles allowed the analysis of the requirement of highly
conserved motifs of the HOX protein, Sex combs reduced (SCR). Like Ubx, Scr is
haploinsufficient, making it an excellent gene for identifying small changes in SCR
activity because even subtle changes in levels of protein function are registered in
SCR dependent phenotypes. SCR function is essential for the development of labial
derivatives, such as the adult proboscis and larval salivary glands, and for
establishing the identity of the adult prothoracic legs (PERCIVAL-SMITH et al. 1997;
PANZER et al. 1992; STRUHL 1982; LEWIS et al. 1980b). SCR activity is required with a
second HOX protein, Proboscipedia (PB), for the formation of the proboscis but does
not require PB for the formation of the sex comb bristles or the salivary gland
(STRUHL 1982; KAUFMAN 1978). The SCR protein has five highly conserved regions
(CURTIS et al. 2001). The octapeptide, YPWM motif and Homeodomain (HD) are well
conserved across evolution and are found in all SCR homologues. The
MvDYTQLQPQRL sequence (DYTQL motif) and the Carboxy-terminal domain (CTD)
are insect and SCR specific. The analysis of an Scr antimorphic allele suggests that
the octapeptide of SCR participates in protein complex formation required for the
formation of sex combs and pseudotrachea, and that the CTD inhibits protein
complex formation by masking the octapeptide. In addition, analysis of the
proboscis phenotype of viable Scr alleles in the presence of one or two copies of the
pb locus suggests that the DYTQL motif and the CTD of SCR mediate a genetic
interaction with pb.
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2.2 Materials and Methods
2.2.1

DNA sequencing of Scr mutant alleles:

The fly strains used were obtained from the Bloomington Stock Center (Indiana
University, Bloomington, Ind.) with the exception of Scr13A that was provided by
Gary Struhl (STRUHL 1982). The genotypes of the stocks used were: y w; FRT82B Scr1
P{w+}/TM6B, Tb1, P{walLy}, y w; FRT82B pb27Scr2pp cn P{w+}/TM6B, Tb1, P{walLy}, y
w; Scr3pp/TM6B, Tb1, P{walLy}, lab4Scr4pp/TM3, Sb1, y w; Scr5red1e1/TM6B, Tb1,
P{walLy}, y w; Scr6pp/TM6B, Tb1, P{walLy}, Scr7pp /TM6B, Tb1, y w; Scr8rnroe-1rn1
pp/TM6B, Tb1, P{walLy}, Scr11red1e1/TM3,Sb1, Scr13e1/TM3, Sb1, y w; FRT82B Scr13A
Ubx1e/TM6B, P{walLy}, y w; kniri-1Scr14e1/TM6B, Tb1, P{walLy}, y w; kni ri-1 Scr15
e1/TM6B, Tb1, P{walLy}, kni ri-1Scr16 e1/TM3, Sb1, Scr17/TM6B, Tb1, y w; Ki
pb34pp/TM6B, Tb1, y w; Ki pb34pp/TM6B, Tb1, P{walLy}, y w (PERCIVAL-SMITH et al.
1997; LINDSLEY and ZIMM 1992; STRUHL 1982; LEWIS et al. 1980b).
To sequence the DNA of Scr alleles, two approaches were used to collect material for
DNA extraction. For null Scr alleles, embryos were collected on apple juice plates
and allowed to develop to the first instar larval stage. DNA was extracted from
unhatched eggs containing larvae with deformed mouth skeletons characteristic of
homozygous Scr null mutants (PATTATUCCI et al., 1991). For viable alleles, DNA was
extracted from imagos hemizygous for the Scr allele and a complete deletion of the
Scr locus (pb34). The one exception was Scr1 where DNA was extracted from
heterozygous imagos. Coding region DNA from exon 2 and exon 3 was amplified for
all alleles and sequenced at the Robarts DNA Sequencing Facility (London, Ontario,
Canada). The sequence of the 3’ and 5’ untranslated regions of Scr5, Scr7 and Scr8
was also determined. See APPENDIX 1 for the primers used.

2.2.2

Phenotypic characterization of viable Scr mutants:

Imagos of the genotype Scrx/Scr+, Scrx/pb34, Scrx/Scr14, and Scrx/Scr13A were
collected. These imagos were either critical point dried and the heads and
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prothoracic legs mounted for scanning electron microscopy, or the first legs were
pulled off and suspended in Hoyer’s mountant to count the number of sex comb
bristles under bright field optics (WIESCHAUS and NUSSLEIN-VOLHARD 1986). To count
the number of salivary gland cells, salivary glands were dissected from non-Tubby
third instar larvae with the genotypes Scrx/pb34, Scrx/Scr14, Scrx/Scr13A. The glands
were fixed and the DNA of the salivary gland nuclei was visualized with DAPI. For
analysis of cold sensitive phenotypes Drosophila were reared at 18 and 23.

2.2.3

Analysis of Scr larval cuticles:

First instar larvae were collected from apple juice plates, dechorionated,
devitellinized and mounted in 50% Hoyer’s mountant/50% Lactic Acid (WIESCHAUS
and NUSSLEIN-VOLHARD 1986).

2.2.4

Quantitative Real Time PCR:

Total RNA was extracted from three independent samples of 0-14 hour Scrx/pb34
pupae. cDNA was made using Superscript II reverse transcriptase (Invitrogen) and
Oligo d(T)15 primers (Invitrogen). To determine transcript levels, Real Time PCR
was performed in the Corbett Rotor-Gene 3000 real-time cycler using SYBR green
detection (KARSAI et al. 2002; BUSTIN 2000) and was analyzed using Rotor-Gene
Analysis Software 6.0 (Corbett). See APPENDIX 2 for sequences of primer used.

2.2.5

Western blot analysis:

Protein was extracted from three independent samples of 0-14 hour Scrx/pb34
pupae. SCR was detected on the western analysis with a mouse monoclonal SCR
antibody (GLICKSMAN and BROWER 1988), diluted 1:5. The antibody-antigen complex
was detected with an anti-mouse HRP conjugated secondary antibody (Sigma) and
the SuperSignal West Femto Chemiluminescent kit (Pierce). An image was collected
on a Fluorchem 8900 gel documentation system (Alpha Innotech) and quantified
using the AlphaEase Fluorchem Software (v.4.0.1).
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2.2.6

Mosaic analysis:

Clones of Scr1 and Scr13A tissue were generated using FLP mediated mitotic
recombination, and were identified by the Sb+ M+ y phenotype (PERCIVAL-SMITH et al.
1997; XU and RUBIN 1993). Images were acquired using a scanning electron
microscope.

2.2.7

Statistical analyses:

All data was statistically analyzed using SPSS v.16.0 (SPSS Inc. 2007). Analyses of
SCR transcript levels were performed with a one-way Analysis of Variance (ANOVA),
and data for cold sensitive alleles were analyzed using two-way ANOVAs. Transcript
and cold sensitive sex comb bristle data were log10 transformed before analysis to
meet the requirements of homoscedasticity and normality (ZAR 1999). If significant
differences were detected with an ANOVA, multiple pair-wise comparisons were
made using a Tukey test. Analyses of SCR protein levels were performed using a
Kruskal-Wallace test; if a significant interaction was found, multiple pair-wise
comparisons were made using a Dunnett T3. All data for the number of rows of
pseudotrachea were analyzed using Kruskal-Wallace tests. All salivary gland data
were analyzed using one-way ANOVAs, with the exception of Scrx/Scr13A data, which
was analyzed using a Kruskal Wallace test. All sex comb bristle data were analyzed
using Kruskal-Wallace tests, with the exception of Scrx/Scr+ data, which was
analyzed using a one-way ANOVA.

2.3 Results
2.3.1

DNA sequence of Scr mutant alleles

Identifying mutational changes within the coding region of a gene reveals important
functional domains of a protein. The Scr locus in Drosophila is represented by fifteen
alleles that are not associated with a cytological change (LINDSLEY and ZIMM 1992;
STRUHL 1982; LEWIS et al. 1980). These Scr mutant alleles were sequenced, and a
number of DNA sequence changes were observed and placed into two groups:
polymorphisms or mutations (Table 2.1). The six sequence changes, T15C,
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A171G, C180G, C747 A933G, resulted in silent mutations that
occurred in more than one independently isolated Scr allele and are presumed to be
natural polymorphisms. These six polymorphisms occur frequently, with at least
two present in every Scr allele sequenced. The Scr mutant alleles were isolated in
many independent mutational screens that used isogenic third chromosomes;
therefore, it was expected that the pattern of polymorphisms should group
according to the screen in which the alleles were isolated. This pattern is observed
for alleles Scr2 and Scr3, alleles Scr6 and Scr7 and alleles Scr13, Scr14 and Scr16;
however, many alleles do not follow this expected pattern. For example, Scr4 was
isolated in the same screen as Scr5 but has a different pattern of polymorphisms
(LEWIS et al. 1980). Mutant changes were identified as missense, nonsense or small
deletion mutations unique to each sequenced allele (with the exception of alleles
Scr5 and Scr8, and alleles Scr13 and Scr16). The alleles sequenced in this study fall into
two broad phenotypic categories: lethal and viable alleles. The following detailed
phenotypic analysis of these alleles has shown that the Scr locus is represented by
null (amorphic), hypomorphic and antimorphic mutant alleles (MULLER 1932).

2.3.2

Null alleles:

Six of seven null alleles were nonsense mutations, and one was an intragenic
deletion mutation. Scr17 was a 3.4kb deletion that removed the 3’ portion of the
second exon, a splice site, and a portion of the second intron. Scr17 has the potential
to encode a truncated protein of 242 amino acids (Figure 2.1A). Scr2, Scr4, Scr11,
Scr13A and Scr16 were all nonsense mutations that would result in the truncation of
the SCR protein and loss of conserved SCR protein domains (Figure 2.1A). Although
the loss of these conserved domains may explain the null nature of the alleles,
nonsense mutations also affect the stability of the transcripts, resulting in
degradation via nonsense mediated RNA decay (NMD; ALONSO and AKAM 2003;
HENTZE and KULOZIK 1999). The signal that triggers NMD, is a premature
termination codon followed by an intron (HENTZE and KULOZIK 1999). All Scr
nonsense alleles, with the exception of Scr11, met this requirement of NMD;
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FIGURE 2.1. Structure, activity and expression of the polypeptides encoded by
Scr null alleles. A. The coloured boxes indicate conserved regions of SCR. Regions
conserved in all SCR homologues are the octapeptide motif (purple), the YPWM
motif (green) and the homeodomain (HD, cyan). The insect specific conserved
motifs are the DYTQL motif (blue) and the carboxyl terminal domain (CTD, yellow).
Scr17 contains an intragenic deletion and the predicted protein contains novel amino
acids, which are indicated in orange. Expected molecular weights (kDa) of each
protein are indicated in brackets beside each peptide. B. Phase contrast micrographs
of first instar larval cuticles of wild type, Scr2 and Scr11 mutants. In both Scr
mutants, the head is severely disrupted and the number of rows of T1 beard
denticles is reduced. T1 beards are indicated with an arrowhead. C. Western
analysis of the expression of truncated protein from Scr nonsense alleles. Proteins
were resolved on (i) 10%, (ii) 13% and (iii) 11% SDS-Polyacrylamide gels. Above
the western blot a conceptual translation of SCR mRNA is shown where the dotted
line indicates the junction between exon 2 and 3. Protein was extracted from 3-10
hr embryos laid by wild type and heterozygous stocks. The arrow indicates the
protein expressed from the wild type Scr locus, and arrowheads indicate the
truncated protein products. The relative molecular mass (kDa) of the SCR peptides
is indicated beside the arrows and arrowheads.
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therefore, if NMD was a factor, it was expected that SCR11 alone would be detected
in a western analysis of protein extracted from progeny embryos of heterozygous
flies, in a 1:1 ratio with SCRWT protein. However, truncated SCR11, SCR13A, SCR16 and
SCR4 proteins were also detected (Figure 2.1C). This indicates that SCR is not
degraded via NMD; therefore, the phenotype observed in Scr nonsense mutants is
caused by the deletion of important functional domains from SCR. SCR2 was not
detected in the western analysis and we propose that the epitope for the SCR
monoclonal antibody used is missing from SCR2 (GLICKSMAN and BROWER 1988).
Larval cuticles of Scr11 and Scr2 mutants were compared to determine if there were
differences in the phenotypes. Scr11 encodes the longest truncated SCR peptide with
a Trp371 to stop codon in the 3rd -helix of the HD. Scr2 encodes the shortest
truncated SCR peptide only encoding a protein containing the octapeptide and part
of the DYTQL sequence. No significant difference between the larval cuticle
phenotypes of Scr11 and Scr2 mutants were observed suggesting that deletion of the
last 13 residues of the DNA recognition helix of the HD and the CTD results in a Scr
null phenotype (Figure 2.1B; Table 2.2).

2.3.3

Scr1 a lethal hypomorph:

The embryonic lethal Scr1 allele was a missense mutation in a codon of the SCR HD
that alters Glu365 to Lys (Figure 2.2A). Analysis of the affect of the HD missense
mutation on the phenotype of marked Scr1/Scr1 embryonic cuticle revealed that this
mutation was hypomorphic. In comparison to the cuticle of a homozygous null
Scr13A mutant, the larval head structures of Scr1 mutants were not deformed and the
T1 beard was not significantly reduced when compared to wild type (p=0.8; Table
2.2). Hypomorphy of the HD change was also detected in the adult proboscis.
Scr1/Scr1 clones of cells in the proboscis showed a weak proboscis to maxillary palp
transformation, but pseudotrachea still formed; while, Scr13A/Scr13A clones in the
proboscis were completely transformed toward maxillary palp identity (Figure
2.2B; STRUHL 1982).
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TABLE 2.2. Mean number of rows of bristles in T1 beards of non-viable Scr mutants
Genotype

Mean rows of bristles ( SEM)1

Scr+/Scr+

6.9  0.2a

Scr1/ Scr1

6.2  0.2a

Scr1/pb34

5.8  0.4a

Scr2/Scr2

2.1  0.3bc

Scr11/Scr11

2.7  0.3b

Scr13A/Scr13A

1.4  0.2cd

Scr13A/pb34

1.1  0.1d

1Data

in the same column with the same letters are not significantly different,

p<0.05
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FIGURE 2.2. Scr1 is a lethal hypomorphic allele. A. Above is a representation of
SCR1 showing the position of the Scr1 missense change; the color scheme for the SCR
domains is the same as used in Figure 2.1. Below is the 3-D structure of the SCR HDEXD complex bound to the fkh enhancer (JOSHI et al. 2007) with EXD removed,
leaving the SCR-HD and fkh enhancer, and glutamic acid 365 of SCR is highlighted in
yellow in Cn3D 4.1 (NCBI). B. The larval and adult phenotype of Scr1 and Scr13A.
Panels a, c, e are first instar larval cuticle of wild type, Scr1 and Scr13A mutants,
respectively. The arrowheads indicate the T1 beards. Panel b is a wild type labial
palp. Panels d and f are labial palps with clones of Scr1 and Scr13A cells. The arrows
indicate non-Stubble, non-Minute maxillary palp bristles. The asterisks indicate
normal maxillary palps and the squares highlight probocis toward maxillary palp
transformations. Pseudotrachea still form in Scr1 clones but not in Scr13A clones.
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2.3.4

Viable alleles:

Six of the sequenced viable alleles contained missense mutations, and one allele had
a small protein deletion mutation (Table 2.1). Two alleles resulted in changes in
motifs conserved across evolution and found in all SCR homologues, the YPWM
(Scr3) and octapeptide (Scr14) motifs. Two alleles resulted in changes in insect
specific regions of SCR, the DYTQL (Scr15) motif and the CTD (Scr6). Two alleles
resulted in the same change in a non-conserved region of SCR (Scr5 and Scr8) and
one allele (Scr7) had no changes in the coding region of Scr.
To determine whether the sequence changes identified in the SCR protein were
uniformly or differentially pleiotropic, detailed and quantitative analyses of the
phenotype of the viable alleles were performed. For these analyses, the phenotype
was assessed in imagos or larvae hemizygous for the Scr allele and a deletion that
encompassed the Scr and pb loci (pb34). The three phenotypes assayed were the
number of sex comb bristles that developed on the prothoracic legs of males, the
number of rows of pseudotracheae that developed in the proboscis, and the number
of cells per salivary gland (Figure 2.3; Table 2.3). Haploinsufficiency of the Scr wild
type allele was observed for the number of sex comb bristles, which decreased from
9.5 to 6.3 (p<0.001). Haploinsufficiency of the Scr wild type allele was not observed
for the number of larval salivary gland nuclei that formed: on average 121.1 nuclei
formed in homozygous wild type larvae, whereas, 117.7 nuclei formed in larvae
heterozygous for pb34. Although neither Scr (Table 2.3) nor pb (data not shown) are
haploinsufficient for formation of pseudotracheal rows, the deletion of both loci, in
pb34, does result in a significant reduction of the number of rows relative to wild
type (p<0.001).
In addition to the phenotypic analysis, pupal SCR transcript and SCR protein levels
were determined for the viable Scr alleles. The levels of mutant mRNA were not
significantly different from wild type, with the exception of a significant increase in
transcript levels in Scr6 (p=0.02) and Scr14 (p=0.01; Figure 2.4A). However, these
differences were not translated into increased levels of SCR6 and SCR14 protein
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FIGURE 2.3. The adult phenotypes in the proboscis and prothoracic leg of viable
hypomorphic Scr alleles. A. The structure of the SCR proteins encoded by the Scr
alleles; the color scheme for the SCR domains is the same as used in Figure 2.1. Scr3,
Scr6, Scr14 and Scr15 have amino acid sequence changes in the YPWM motif, CTD,
octapeptide motif and DYTQL motif, respectively. Scr5 and Scr8 have the same
change in a non-conserved region of SCR, and Scr7 is wild type. B. Scanning electron
micrographs of the adult labial palps of Scrx/pb34 mutants. C. Scanning election
micrographs of the fifth tarsal segment of the adult prothoracic leg of Scrx/pb34
mutants. The arrowheads indicate the position of the sex combs.
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TABLE 2.3. Affect of sequence changes in viable hypomorphic Scr alleles on the
phenotypes of the proboscis, prothoracic leg and salivary glands ( SEM)
Allele

Mean Number of

Mean Number cells

Mean rows of

Sex comb bristles1

per Salivary gland

Pseudotrachea

/pb34

/pb34

/pb34

/Scr13A

Scr+/Scr+

9.5  0.2a

121.1  2.2a

6.0  0.0a

6.0  0.0a

Scr+

6.3  0.2b

117.7  3.9a

5.3  0.1b

6.0  0.0a

Scr3

2.4  0.2d

82.6  2.2c

2.2  0.2e

3.1  0.1e

Scr5

0.0  0.0e

110.7 3.1a

2.6  0.2e

3.3  0.1e

Scr6

2.3  0.2d

105.6  3.9ab

4.4  0.1c

5.9 0.1ab

Scr7

3.5  0.2c

115.8  4.1a

4.3  0.1c

5.6  0.1b

Scr8

0.0  0.0e

114.2  4.1a

3.6  0.1d

3.9  0.1d

Scr14

7.0  0.3b

114.8  3.2a

5.4  0.3abc

4.8  0.2c

Scr15

0.4  0.2e

93.4  2.6bc

2.6  0.2e

5.8 0.1ab

1Data

in the same column with the same letters are not significantly different,

p<0.05
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expression. All mutant protein accumulated to similar levels (p=0.07), with the
exception of SCR15 (Figure 2.4B). SCR15 is a small protein deletion not detected on a
western. This is most likely because the epitope for the anti-SCR 6H4.1-s antibody
(GLICKSMAN and BROWER 1988) is in the region that is either missing or disrupted by
the SCR15 deletion, and interestingly this region was also affected in the SCR2
truncated protein (Figure 2.1A). The -galactosidase-SCR fusion protein used to
generate the monoclonal antibody started at amino acid 79 of the SCR protein;
therefore, the epitope must be between amino acids 79 and 130 (SCR4), which is the
region affected in both SCR15 and SCR2 (GLICKSMAN and BROWER 1988; RILEY et al.
1987). Since no significant differences in protein levels were observed, the mutant
phenotypes observed are most likely due to a decrease in protein activity, with the
exception of SCR7.

2.3.5

Multiple differential pleiotropy:

The sequence analysis of the viable alleles identified protein changes in four of the
five conserved sequences of SCR, the exception being the homeodomain. To analyze
the pleiotropy of the Scr alleles, alleles were ranked from weakest to strongest Scr
phenotype in each of the three tissues examined. If each region of SCR is uniformly
required in all tissues, the same allelic series would be expected for each tissue;
however, this was not observed (Table 2.3). The rank order for the number of
salivary gland nuclei was Scr+/-= Scr7= Scr14= Scr8= Scr5= Scr6≥ Scr15= Scr3, for the
number of sex comb bristles was Scr14= Scr+/-> Scr7> Scr3= Scr6> Scr15= Scr8=Scr5
and for the number of pseudotracheal rows was Scr+/-= Scr14≥ Scr6= Scr7> Scr8>
Scr15= Scr5= Scr3. However, the order for the number of pseudotracheal rows
changed when two doses of the pb locus was present to Scr+/=Scr6=Scr15≥Scr7>Scr14>Scr8>Scr5=Scr3. The rank order varied in the tissues
examined, and particularly important (indicated in bold) was the placement within
the order of changes in the DYTQL motif (Scr15), YPWM motif (Scr3), octapeptide
(Scr14) and CTD (Scr6), demonstrating a clear differential requirement for the DYTQL
and YPWM motifs in the tissues. In addition, the order of the alleles for the number
of pseudotracheal rows changed when either one or two pb loci were present; this
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FIGURE 2.4. Pupal transcript and protein expression from viable Scr
hypomorphic alleles. A. Real-time PCR quantification of SCR transcript levels in
Scrx/pb34 pupae. The levels of SCR transcript levels were normalized to the level of
Ribosomal protein-49 (RP49) and are expressed as a ratio of SCR to RP49 in the
graph. Standard error of the mean (SEM) is indicated for all measurements and the
letters indicate statistical significance. A significant increase was observed in SCR6
and SCR14 transcript levels relative to wild type. B. Protein expression levels in
Scrx/pb34 pupae, quantified from western blots. The mouse monoclonal anti-SCR
6H4.1-s antibody (GLICKSMAN and BROWER 1988) detects, in addition to SCR, some
non-specific proteins and one of these non-specific bands was used as a loading
control. Protein levels are expressed as a ratio of SCR to loading control (SCR/Ref).
No significant differences were detected for protein expression levels. C. Western
blot showing expression of SCR from hypomorphic alleles. SCR15 is a small protein
deletion and a band migrating with SCR+ is not present. In addition, no smaller band
corresponding to SCR15 was detected.
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change is not observed for the number of sex comb bristles (Table 2.4) or the
number of salivary gland nuclei (Table 2.5). The most interesting shift was that of
Scr15 and Scr6. When two pb loci were present both Scr6 and Scr15 exhibited a
phenotype not significantly different from wild type (both p=1.0); however, in the
presence of a single pb locus both Scr alleles had significantly less pseudotrachea
than wild type (both p<0.001). The number of pseudotracheal rows observed with
Scr5 and Scr8 were not significantly affected by changes in the dose of pb (p=0.1 and
p=1.0, respectively). Scr3 showed a slight yet significant decrease in the number of
pseudotracheal rows by the loss of one copy of pb (p=0.02), whereas, Scr6 and Scr15
showed a stronger significant decrease from a wild type number of pseudotracheal
rows (both p<0.001). This suggests that changes in the DYTQL motif (Scr15) and the
CTD (Scr6) are sensitive to changes in pb dose and that these domains may mediate
an interaction with PB required for proboscis formation.

2.3.6

Scr14 an antimorphic allele:

Phenotypic analysis of Scr14/pb34 flies and larvae suggested that Scr14 produces the
same amount of SCR activity as an Scr+ allele (Table 2.3). To address the question of
how Scr14 was identified in the screens for Scr mutants, the sex comb bristles of all
viable alleles over the Scr+ allele were counted (Table 2.4). The viable alleles Scr3,
Scr5, Scr6, Scr7, Scr8 and Scr15 resulted in a number of sex comb bristles that was
between that observed with two Scr+ alleles and one Scr+ allele. The relative order
of severity in reduction of sex comb bristle number in this heterozygous situation is
the same as observed when these alleles are over pb34. However, Scr14, rather than
resulting in no reduction in the number of sex comb bristles as might be expected
from the data in Table 2.3, resulted in the strongest reduction of sex comb bristles of
all viable alleles. Indeed, there was no significant difference in the number of sex
comb bristles between Scr+/pb34, Scr14/pb34 and Scr14/Scr+ (p=1.0). These results
suggested the possibility that Scr14 was an antimorphic allele that alone encoded a
fully active protein, but which in combination with SCR protein resulted in a 50%
reduction of total SCR activity. An explanation for the 50% reduction in total SCR
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TABLE 2.4. Mean number of sex comb bristles on prothoracic legs of males ( SEM)
Allele

Class

Scr+

1/Scr+

/Scr14

/pb34

/Scr13A

9.5  0.2a

6.9  0.2a

6.3  0.2a

6.3  0.1a

Scr3

hypo

8.4  0.2b

4.7  0.1b

2.4  0.2c

2.2  0.1c

Scr5

hypo

7.4  0.2cd

4.4  0.1b

0.0  0.0d

0.0  0.0d

Scr6

hypo

8.9  0.3ab

6.3  0.2a

2.3  0.2c

2.0  0.2c

Scr7

hypo

9.4  0.2a

6.0  0.1a

3.5  0.2b

3.5  0.1b

Scr8

hypo

7.9  0.2bc

4.3  0.1b

0.0  0.0d

0.0  0.0d

Scr14

antimorph

6.9  0.2de

7.0  0.3a

2.6  0.1c

Scr15

hypo

8.4  0.2b

4.5  0.2b

0.4  0.2d

0.5  0.2d

Scr1

lethal-hypo

6.9  0.1de

3.3  0.1c

Scr2

null

6.5  0.1ef

2.8  0.1cd

Scr4

null

5.9  0.1f

2.4  0.1d

Scr11

null

6.3  0.2ef

1.5  0.3de

Scr13

null

6.5  0.1ef

2.6  0.3cd

Scr13A

null

6.3  0.1ef

2.6  0.1cd

Scr16

null

5.9  0.1f

1.9  0.3cde

Scr17

null

6.3  0.1ef

1.4  0.2e

pb34

Df

6.3  0.2ef

7.0  0.3a

1Data

-

in the same column with the same letters are not significantly different,

p<0.05
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TABLE 2.5. Mean number of pseudotracheal rows ( SEM) for Scr mutants
Allele

Class

6.0  0.0a

Scr+

1Data

1/Scr14

Scr3

hypo

5.9  0.1a

Scr5

hypo

6.0  0.0a

Scr6

hypo

6.0  0.0a

Scr7

hypo

6.0  0.0a

Scr8

hypo

6.0  0.1a

Scr15

hypo

5.8  0.1a

Scr2

null

3.3  0.1e

Scr4

null

3.6  0.1de

Scr13

null

4.0  0.1cde

Scr13A

null

4.8  0.2b

Scr11

null

5.1  0.1b

Scr16

null

4.0  0.3bde

Scr17

null

4.0  0.1cd

pb34

Df

5.4  0.3abc

in the same column with the same letters are not significantly different,

p<0.05
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activity, is that at least two SCR molecules are required in a protein complex for the
complex to have SCR activity, and that in a Scr14/Scr+ heterozygote the 50% of
complexes that contained SCR+ and SCR14 were inactive but the 50% of complexes
containing either SCR+ or SCR14 were active. To gain greater insight into the
interaction of SCR14 with SCR, the phenotypes of Scr14 over all nonsense,
hypomorphic lethal, and viable alleles were assessed (Table 2.4).

2.3.7

Scr14 interactions with Scr alleles:

The initial rationale for crossing all viable and nonsense alleles to Scr14 was to
determine whether the protein products of the viable and nonsense alleles would
interact with SCR14 and further reduce SCR activity such that less than 6.3 sex comb
bristles, less than 6 pseudotrachael rows and less than 110 salivary gland nuclei
formed. The reduction was expected for an interaction because the 25% of SCR14
homocomplexes would be fully active but the 25% of homocomplexes that contain
just the mutant polypeptides would either be inactive or partially active. As with
the SCR+ protein, all complexes containing SCR14 and the SCR mutant protein would
be inactive. All nonsense alleles in combination with Scr14 resulted in a reduction in
the number of sex combs from 6.3 to an average of 2.2 (Table 2.4, in italics), and a
reduction in the number of pseudotracheal rows from 6 to an average of 4.1 (Table
2.6), but no reduction in the number of salivary gland nuclei was observed (Table
2.5). In one sense these reductions suggest that the nonsense alleles are
antimorphic to the Scr14 antimorphic allele. This ability to interact with Scr14
mapped to the first 112 amino acids of SCR encoded by Scr2. The lethal
hypomorphic allele Scr1, the missense change in the HD, also reduced the number of
sex comb bristles that formed. The viable alleles Scr3, Scr5, Scr8 and Scr15 in
combination with Scr14 also significantly reduced the number of sex comb bristles
that form below 6.3. Scr15 is particularly important because the encoded product is
a deletion of T83-P117, suggesting that the first 82 amino acids of SCR contain a motif
important for an interaction with Scr14. The combination of the viable alleles Scr3,
Scr5, Scr8 and Scr15with Scr14 all resulted in a reduction of sex comb bristle number
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TABLE 2.6. Mean number of cells per salivary gland ( SEM) for Scr mutants
Allele

Class

Scr+

1/pb34

/Scr14

/Scr13A

117.7  3.9a

112.8  3.0bc

123.5  2.6a

Scr3

hypo

82.6  2.2c

108.9  3.0c

76.8  1.6c

Scr5

hypo

110.7  3.1a

128.3  2.4a

119.4  2.9a

Scr6

hypo

105.6  3.9ab

126.0  5.9ab

109.5  4.1ab

Scr7

hypo

115.8  4.1a

120.8  3.7abc

117.8  2.8a

Scr8

hypo

114.2  4.1a

112.8  2.7bc

114.7  3.4a

Scr14

antimorph

114.8  3.2a

Scr15

hypo

93.4  2.6bc

Scr1

lethal-hypo

116.9  4.7abc

Scr2

null

109.4  3.3c

Scr13A

null

123.6  2.7abc

pb34

Df

114.8  3.2abc

1Data

110.3  3.1bc

123.6  2.7a
99.4  1.5b

in the same column with the same letters are not significantly different,
p<0.05
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consistent with the level of SCR activity exhibited by these alleles over pb34 (Table
2.4). Scr6 and Scr7 do not result in a significant reduction of sex comb bristle
formation (p=0.8 and p=0.06, respectively; Table 2.4 in bold). Finally I tested
whether a null and the viable alleles would interact with one another as is observed
with Scr14. The number of sex comb bristles of all viable alleles over pb34 was not
significantly different from the number of sex comb bristles of the viable alleles over
the nonsense allele Scr13A (Table 2.4); therefore, the intragenic interaction is specific
to Scr14.
In summary, nonsense and viable alleles interact with the antimorphic Scr14 allele,
and this intragenic interaction was specific to the Scr14 allele. The intragenic
interaction between Scr alleles and Scr14 was observed for adult sex comb and
pseudotracheae formation, but not for larval salivary gland formation. The
hypomorphic allele Scr6 showed no intragenic interaction.

2.3.8

Cold sensitive alleles:

Scr6 was previously characterized as a cold sensitive allele based on increased
lethality at 18°C relative to 25°C (PATTATUCCI et al. 1991). Examination of the
phenotypes of the proboscis and prothoracic legs at 18°C and 23°C revealed a
significant decrease in the number of rows of pseudotrachea (p=0.01) and number
of sex comb bristles (p<0.001) that developed in Scr6 mutants at 18°C (Table 2.7).
At 18°C, Scr6/Scr14 does not significantly reduce the number of sex combs relative to
Scr14/Scr+. Therefore, at both 18°C and 23°C Scr6 does not interact with Scr14.
Scr5 and Scr8 had the same missense DNA change that results in an Ala288 to Thru
protein change. These two alleles were isolated in different mutational screens
(LINDSLEY and ZIMM 1992) and have very distinct patterns of polymorphisms
suggesting that these alleles were independently isolated (Table 2.1). Scr5 and Scr8
mutants both have a wild type number of salivary gland cells and no sex comb
bristles at 23°C; however, despite having the same change these two alleles exhibit
distinct phenotypes: Scr5 mutants had an average of 2.6 rows of pseudotrachea and
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TABLE 2.7. Affect of temperature on proboscis and prothoracic leg phenotypes in
cold sensitive mutants
Mean number of
pseudotracheal rows

Mean number of
sex comb bristles

Genotype

18°C

23°C

18°C

23°C

Scr+/pb34

5.4  0.1

5.3  0.1

5.7  0.2

6.3  0.2

Scr5/pb34

2.4  0.2

2.7  0.1

0

0

Scr6/pb34

4.1  0.1*

4.5  0.1

1.1  0.3*

2.3  0.2

Scr8/pb34

2.7  0.1*

3.6  0.1

0

0

Scr+/Scr14

7.0  0.3

6.9  0.2

Scr6/Scr14

6.1  0.2

6.3  0.2

Scr8/Scr14

3.6  0.1

4.3  0.1

Asterisks denote statistically significant differences for a particular genotype at
18°C from values obtained at 23°C, p<0.01
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Scr8 mutants had 3.6 rows, which are both significantly different from wild type
(p<0.001) and significantly different from one another (p=0.01). Also, Scr8 mutants
were cold sensitive and Scr5 mutants were not (Table 2.7). It has been suggested
that the translation of SCR mRNA is regulated (MAHAFFEY and KAUFMAN 1987);
therefore, to test the possibility that translation of SCR8 mRNA may be cold sensitive,
the 5’ and 3’ non-coding regions of Scr5 and Scr8 were sequenced but no differences
were found between the alleles (data not shown).

2.4 Discussion
2.4.1

Scr14 a missense allele in the octapeptide:

Scr14 is a Ser10 to Leu change in the octapeptide motif of SCR. The octapeptide motif
is found in all SCR homologues, and for SCR and murine HOXA5 the octapeptide is
required for the formation of ectopic salivary glands in Drosophila (ZHAO et al. 1996;
TOUR et al. 2005). A sub-motif of the octapeptide, SSYF, is found in the Drosophila
HOX proteins Labial, ANTP, Deformed and UBX, which in the case of UBX is
important for function (TOUR et al. 2005). Therefore, it was surprising that the Scr14
change of a Ser10 to Leu of the most conserved residue of the octapeptide sub-motif
had little affect on the number of sex comb bristles, pseudotracheal rows and
salivary gland nuclei when hemizygous over a Df. The only strong phenotype was a
reduction of the number of sex comb bristles when heterozygous. This suggests that
Scr14 is an antimorphic allele, and that SCR14 forms inactive heterocomplexes with
SCR+ resulting in a 50% reduction of total SCR activity. This model of inhibition of
SCR at the protein level is favored over a mechanism of pairing dependent
repression because all null and hypomorphic alleles that interact with the Scr14
allele are DNA sequence changes that would result in an altered protein product
(SOUTHWORTH and KENNISON 2002). These alleles that interact with Scr14 encode
proteins that result in a further reduction of total SCR activity. These alleles
produce inactive or partially active SCR proteins that interact and inactivate SCR14.
In the case of nonsense alleles, the only active complex left is that containing two
SCR14 molecules (25%). This ability to interact with SCR14 maps to the first 82
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amino acids of SCR, and the only conserved domain in this region of SCR is the
octapeptide motif. However, two alleles Scr6 and Scr7 did not interact genetically
with Scr14.

2.4.2

Scr7 an allele with no changes in the coding region:

Scr7 mutants had reductions in the number of sex comb bristles, reductions in the
number of rows of pseudotrachea, but no reductions in the number of salivary gland
cells. Transcript and protein levels in this mutant do not differ significantly from
wild type. The Scr7 phenotype may be caused by a subtle change in the pattern of
SCR expression at the pupal stage. Therefore, it is possible that this allele may be a
regulatory mutant. If Scr7 is a regulatory mutant, it is expected to show a weak
genetic interaction with Scr14 because varying the ratio of SCR+ to SCR14 below 1
results in a theoretical maximum loss of 17.5% of total SCR activity (about one sex
comb bristle) when at a ratio of 0.5 (Number of active complexes= (1/2 –
(proportion of SCR+)(proportion of SCR14))total SCR). This weak effect is due to less
inactive SCR14 SCR complexes forming as the expression of SCR decreases.

2.4.3

Scr6 two missense changes in the CTD:

The cold sensitive Scr6 allele has two missense mutations in the conserved CTD of
SCR, both these missense mutations result in amino acid changes of highly
conserved amino acids of the CTD (CURTIS et al. 2001). The lack of an intragenic
interaction between Scr6 and Scr14 suggests that SCR6 does not interact with SCR14 to
form an inactive complex. The inability of SCR6 to interact with SCR14 is not due to a
lack of CTD function because all proteins expressed from a nonsense allele lack the
CTD but are still able to interact with SCR14. One possibility is that normally the CTD
domain has a role in negative regulation of SCR activity by binding the octapeptide,
and that the Scr6 missense mutations result in the expression of a protein that is
hyperactive for a CTD function of binding and masking the octapeptide. This
explains why SCR6 has less activity than SCR; the octapeptide is not available for
complex formation. In addition, in SCR6 the octapepide is not available to interact
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with SCR14. The proposed intramolecular interaction of the octapeptide with the
CTD in SCR6 would be temperature sensitive, rendering SCR6 activity cold sensitive.

2.4.4

A possible mechanism of Scr14 antimorphy:

Many models can be proposed for the inactivity of the SCR14 SCR protein complex.
But most of these models have difficulty explaining why the genetic interactions of
null and hypomorphic alleles are specific to Scr14. One example is an incompatibility
model where SCR14 and SCR form an inactive complex because the transcription
machinery may not recognize the conformation that the heterotypic octapeptides
adopt. In this model and others like it, it is assumed that SCR14 and SCR interact
with the same affinity as that between two SCR or two SCR14 molecules. Therefore,
complexes would form between the products of nonsense alleles and hypomorphic
alleles, and because these complexes only have one HD they would be expected to
be less active or inactive. This is not observed because the phenotype of a
hypomorphic allele over a deletion is the same as that over a null nonsense allele.
The favored model is a locked complex model, which to understand, first requires
presentation of a speculative model for SCR activity. It is conjectured that there is a
dynamic equilibrium between four forms of SCR during adult sex comb and
pseudotrachea formation (Figure 2.5). Three interactions of the octapeptide
mediate the dynamic equilibrium: the octapepide interacting with a component(s)
of the transcription machinery, the octapeptide interacting with another
octapeptide motif to mediate complex formation of SCR, and the octapeptide
interacting intramolecularly with the CTD. In two of the forms SCR is a monomer,
and as a monomer SCR is in dynamic equilibrium with a form where the octapeptide
is exposed for complex formation with another SCR molecule and a form where the
octapeptide interacts with the CTD and is not available for complex formation. The
two SCR protein complexes bound to DNA are in dynamic equilibrium between a
complex held together by an interaction between two octapeptides, and a complex
held together by an indirect interaction of the two octapeptides mediated by a
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FIGURE 2.5. Model for SCR activity. The SCR protein is not drawn to scale with the
five conserved domains of SCR emphasized: octapeptide (purple), DYQTL (blue),
YPWM (green), HD (cyan) and CTD (yellow). SCR exists in dynamic equilibrium
between four forms: inactive monomer available for complex formation via the
octapeptide, inactive monomer in which the CTD masks the octapeptide, inactive
complex bound to DNA, and active complex bound to DNA—stablized by an indirect
interaction of two octapeptides with a component(s) of the transcription machinery
(red cone).
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component(s) of the transcriptional machinery. SCR is only active when it is
interacting with the transcriptional machinery.
In the locked complex model, the SCR14 SCR complex is inactive because the two
octapeptides are unable to dissociate and interact with the transcriptional
machinery and unable to dissociate to form monomers; dynamic equilibrium is lost.
The locked complex model also explains why the genetic interactions are specific to
Scr14. An interaction between nonsense null alleles and viable alleles is not
observed, because all these alleles have a wild type octapeptide sequence that is in
dynamic equilibrium. The complexes that form between a truncated SCR protein
and an SCR molecule encoded by a viable allele are transient falling apart rapidly,
and with the additional interaction between SCR protein complex and DNA, the
formation of partially active complexes of the SCR proteins expressed from viable
alleles is favored. Our model based on interpretation of genetic evidence will
require biochemical tests of the interaction of the octapeptide with itself and the
CTD, and of the formation of a locked complex between SCR and SCR14.

2.4.5

Scr3 a missense mutation in the YPWM motif:

Scr3 encodes a protein in which Pro306 is changed to Leu, altering the sequence of
the YPWM motif to YLWM. The effect of this change was the most severe of all the
viable hypomorphic alleles on the number of pseudotracheal rows and salivary
gland cells. The Scr3 allele had a weaker affect on the prothoracic leg identity. The
YPWM motif is a highly conserved motif found in all HOX proteins, and is a binding
site for two proteins: Extradenticle (EXD) and Bric-à-Brac Interacting Protein 2
(BIP2) (PRINCE et al. 2008; JOSHI et al. 2007). The results are difficult to explain solely
as a loss of EXD binding to SCR because although SCR and EXD are essential for
salivary gland formation (RYOO and MANN 1999), EXD is not required for sex comb
and pseudotrachea formation (PERCIVAL-SMITH and HAYDEN 1998).
The YPWM motif of SCR makes a protein-protein interaction with the hydrophobic
pocket of the EXD HD (JOSHI et al. 2007); therefore, a mutation in the YPWM motif
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may be expected to result in no salivary gland formation. Indeed, deleting the
YPWM motif of the mammalian homologue, HOXA5, results in an inability to induce
ectopic Forkhead (FKH) expression (ZHAO et al. 1996); however, this deletion of 16
amino acids includes a His residue important for minor groove interactions by SCR
and EXD with the fkh enhancer element (JOSHI et al. 2007). A potential explanation
for the weak reduction of the salivary gland is that the Pro residue of the YPWM
motif is not essential for binding to EXD. In fact, in the Apis mellifera SCR homologue,
the YPWM motif is YSWM. Also, the YPWM motif is YKWM and HEWT in the
Drosophila HOX proteins Labial and Abdominal-B, respectively. The structure of the
vertebrate HOX-EXD (HoxB1, PBX1) homologous heterodimer was solved with a
FDWM sequence (PIPER et al. 1999). Therefore, the Pro306 to Leu change may not
completely inactivate the YPWM motif.
An explanation for the observation that EXD is not required for pseudotracheae or
sex comb development is that the YPWM of SCR interacts with a protein other than
EXD. The YPWM motif of ANTP binds BIP2 (PRINCE et al. 2008). BIP2 is a TATA
binding protein associated factor associated with the basal transcriptional
machinery, that when co-ectopically expressed with ANTP promotes the formation
of ectopic wing tissue in Drosophila (PRINCE et al. 2008; GANGLOFF et al. 2001). Since
BIP2 is expressed widely throughout all of the imaginal discs of third instar larvae
(GANGLOFF et al. 2001), there is a strong possibility that BIP2 may interact with the
YPWM motifs of other HOX proteins such as SCR. If BIP2 binds to the SCR YPWM,
the Pro306 to Leu change observed in the YPWM motif of SCR3 could decrease the
ability of these proteins to interact explaining the proboscis toward maxillary palp
transformation and reduction in sex comb bristle number in Scr3 mutants (Figure
2.3).
Salivary gland formation requires both SCR and EXD for the expression of FKH,
which is required for salivary gland formation. The evidence for SCR and EXD
binding as a protein complex to a fkh enhancer is extensive at both functional and
structural levels (JOSHI et al. 2007). However, EXD is not required for the formation
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of sex comb bristles and pseudotrachea (PERCIVAL-SMITH and HAYDEN 1998; JULIA et
al. 2006). In addition, the intragenic interaction between Scr14 and Scr alleles is
observed for the formation of the sex combs and pseudotrachea, but not salivary
gland nuclei. To resolve this inconsistency, one suggestion is that SCR requires
complex formation with itself for sex comb and pseudotracheae formation and
complex formation with the HOX cofactor EXD for salivary gland formation. This
phenomenon is similar to the observation that UBX does not require EXD for haltere
development (GALANT and CARROLL 2002).

2.4.6

Scr1 a missense mutation in the HD:

The Glu365 residue of the SCR HD is well conserved through evolution and is found in
all Drosophila HOX HDs; however, this residue does not mediate important contacts
in the crystal structures of SCR, ANTP and UBX or the NMR structure of ANTP (JOSHI
et al. 2007; PASSNER et al. 1999; FRAENKEL and PABO 1998; BILLETER et al. 1993).
Glu365 is the first amino acid of the 3rd -helix of the HD, the helix that makes direct
contacts with the major groove of DNA; therefore, the importance of this residue
may lie in its position within the HD. A change from an acidic Glu residue to a
bulkier, basic Lys residue may affect the structure of the 3rd -helix and
subsequently the ability of the HD to bind DNA. Although the hypomorphic Scr1
allele may suggest that SCR has a HD independent activity like the pair rule protein
Fushi tarazu (HYDUK AND PERCIVAL-SMITH, 1996), mutational studies have shown that
the SCR HD is essential for SCR activity. BERRY and GEHRING (2000) showed that
altering two amino acids in the N-terminal arm of the SCR HD to aspartic acids
inactivated the SCR protein. Also JOSHI et al. (2007) showed that changing Arg3 of
the SCR HD resulted in an inability of the SCR protein to activate the fkh enhancer.
The observation that changes in conserved amino acids of the HD result in a
hypomorphic allele is not novel; three of four missense alleles with changes in highy
conserved positions of the Proboscipedia HD were hypomorphic, only one was null
(TAYYAB et al. 2004).
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2.4.7

Scr15 is a deletion of the conserved DYTQL motif:

Scr15 encodes a 35 amino acid deletion of Thr83 through Pro117 encompassing the
insect specific DYTQL motif. Although, this change had a strong affect on the all
three phenotypes assessed, the DYTQL motif is not essential for SCR function, which
is similar to the non-essential role of the insect specific UBX QA motif (HITTINGER et
al. 2005). However, analysis of differential pleiotropy in flies with one or two copies
of pb, suggests that the DYTQL motif and the CTD mediate an interaction with PB in
pseudotrachea formation. It is proposed that the CTD encoded by Scr6 is
hyperactive; therefore, PB may have a role in overcoming the negative regulation of
SCR activity mediated by the CTD. And since Scr15 is the loss of the DYTQL motif, it
is possible that the DYTQL motif may also have a role assisting in PB overcoming
negative regulation of SCR activity possibly mediated by the CTD.
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3

The acquisition of a leucine zipper in the evolutionarily
conserved octapeptide and LASCY motifs may cause the
antimorphy of Scr14, a hypomorphic-antimorphic allele of the
Drosophila melanogaster Hox gene, Sex combs reduced

3.1 Introduction
Body patterning in Bilaterans requires the expression of a family of transcription
factors encoded by the Homeotic selector genes (Hox; CARROLL 1995; MCGINNIS and
KRUMLAUF 1992; LEWIS 1978). In Drosophila melanogaster, Hox genes are expressed
in spatially restricted domains along the anterior-posterior axis of the embryo to
establish the unique identity of each body segment. An important focus in the study
of Hox genes has been to understand how the evolution of Hox regulation of
development has contributed to the morphological variation observed in Bilateria
(CARROLL et al. 2005). In the past, many studies have examined the contribution of
cis-regulatory domains to changes in Hox function; however, our understanding of
HOX protein structure and functional contributions of highly conserved domains to
HOX activity is limited. Functionally important regions are often synonymous with
highly conserved proteins domains, which are the products of purifying selection.
The conservation of Drosophila HOX protein structure occurs at many taxonomic
levels (Figure 1.4), and the greatest emphasis has been placed on identifying the
developmental roles of the three Bilateran specific HOX peptide motifs: the
Homeodomain (HD), the octapeptide motif and the YPWM motif (TOUR et al. 2005,
HITTINGER et al. 2005; GALANT et al. 2002; ZHAO et al. 1996). Despite evolutionary
conservation, only one of these three domains is essential for function. The HD is
essential for DNA binding in all HOX proteins (MCGINNIS et al. 1984; SCOTT and
WEINER 1984). Since HOX proteins function as transcription factors, loss or
reduction of DNA binding in transcriptional regulation results in a reduction or loss
of protein activity. Examination of the roles of the other Bilateran specific domains
has revealed that the YPWM motif is important for binding to the HOX cofactor, EXD,
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and that a submotif, SSYF, of the octapeptide motif may be important for
transcriptional activity (JOSHI et al. 2007; TOUR et al. 2005). Though both of these
Bilateran specific domains are important for function, the YPWM and octapeptide
motifs do not seem to be essential, and often deletion of additional regions is
necessary to see a phenotype. An explanation for this finding is the observation of
functional redundancy between HOX protein domains, and differential pleiotropy:
the context dependent requirement of HOX protein domains (MERABET et al. 2011;
SIVANANTHARAJAH and PERCIVAL-SMITH 2009; PRINCE et al. 2008; HITTINGER et al. 2005).
In a previous study, an antimorphic allele of the Hox gene, Sex combs reduced
(Scr), was identified as a missense mutation in the octapeptide motif
(SIVANANTHARAJAH and PERCIVAL-SMITH 2009). Scr14 is a Ser10 to Leu substitution of
the best-conserved residue in the SSYF submotif of the ocatapeptide motif (TOUR et
al. 2005). During development, Scr establishes the identity of the labial and
prothoracic segments. In the labial segment, SCR function is required for
development of the proboscis, which is the adult feeding food, and the larval
salivary glands; whereas, in the prothoracic segment, SCR is required for
establishing the identity of the prothoracic legs, which are characterized by the
presence of sex combs on the fifth tarsal segment (LEWIS et al. 1980b; STRUHL 1982;
PERCIVAL-SMITH et al. 1997; PANZER et al. 1992).
The analysis of the interaction between Scr14 and Scr+ and Scr14 and null
alleles led to the classification of this allele as an antimorph, and the proposal that
that the octapeptide motif of SCR may function to mediate dimerization.
Furthermore, the lack of an interaction between Scr14 and a hypomorphic allele,
Scr6, a missense allele in the highly conserved, Insect-specific C-terminal domain
(CTD), suggested that these protein regions may participate in an intramolecular
interaction in the wild-type protein (SIVANANTHARAJAH and PERCIVAL-SMITH 2009). If
true, then a lack of interaction may be explained by the CTD of Scr6 hyperactively
masking the octapeptide. These predictions were based on interpretation of genetic
evidence and require biochemical tests of the interaction of the octapeptide with
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itself and the CTD, and demonstration that SCR14 has the ability to inhibit SCR+
activity in vivo.
Here I report that re-examination of the Scr14 phenotype reveals that it is
more accurately classified as a hypomorphic- antimorphic. The cause of Scr14
antimorphy may be the acquisition of a leucine zipper motif spanning the
octapeptide motif and another highly conserved protein region, the LASCY motif
(Figure 1.4). This leucine zipper motif allows SCR14 to form homodimeric
complexes and heterodimeric complexes with SCR+ in vivo. Lastly, results of a coimmunoprecipitation assay suggest that the octapeptide and the CTD do not directly
interact in vitro.

3.2 Material and Methods
3.2.1

Transgenic flies:

To understand the mechanism of Scr14 antimorphy in vivo, fly lines with the
following genotypes were established: y w; P{Uas-Scr+121TT, w+}, y w; P{UasScr14121TT, w+}, y w; P{Uas- Scr
P{Uas- Scr

8aa, octa, LASCY

121TT,

8aa

121TT,

w+}, y w; P{Uas- Scr

w+}, y w; P{Uas- Scr

LASCY

121TT,

8aa, octa

121TT,

w+}, y w;

w+}, y w; P{Uas-

ScrSer10Ile121, w+}, y w; P{Uas- ScrSer10Ala 121TT, w+}, and y w; P{Uas- Ubx14121TT, w+}.
The primer sets used to make these Uas-Scr constructs can be found in APPENDIX 3.
All constructs were independently incorporated into the Drosophila genome using
P-element mediated transformation (RUBIN and SPRADLING 1982). The transgenic
lines created could be induced using the GAL4-UAS system (BRAND and PERRIMON
1993) to express Triple-tagged (TT; composed of 6xHis, Strep and Flag tags;
TIEFENBACH et al. 2010) SCR peptides encoding the first 121 amino acids of the SCR
N-terminal, with either wild-type or Scr14 octapeptide sequence, specific deletions,
or point mutations of Ser10 to the hydrophobic residues, Ile and Ala. An Ubx14121TT
(A. PERCIVAL-SMITH, Unpublished) construct was used as a control to test whether
inhibition of endogenous Scr activity was a property specific to SCR peptides or not.
The affect of ectopic expression of UAS constructs on Scr activity was assayed in
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three Scr dependent phenotypes: the number of sex comb bristles on the T1 leg, the
number of pseudotrachae that develop on the proboscis and the number of nuclei
present in the salivary glands. Fly lines of the genotype, y w; P{Uas-Scr-X121TT, w+};
pb34/TM6B, were established and crossed to either P{Armidillo (Arm)-Gal4, w+};
Scr+/TM6B or P{Arm-Gal4, w+}; Scr14/TM6B driver lines to produce progeny in
which UAS constructs were constitutively expressed in Scr+ or Scr14 hemizygotes
(APPENDIX 4). A description of the genetic markers and balancer chromosomes used
in this study can be found in LINDSLEY and ZIMM (1992).

3.2.2

Expression of SCR peptides in Escherichia coli:

For biochemical analyses, constructs were made for the expression and purification
of SCR peptides, SCR+ (SCRSL-TT), SCR14 (SCRLL-TT), SCRLS-TT and SCRSS-TT,
HDCTD+, and HDCTD6, from E. coli by inserting the relevant coding sequence of SCR
into the multiple cloning site of pET-3a (STUDIER et al. 1990; STUDIER and MOFFATT
1986). Primer sequences used for the construction of pET constructs can be found
in APPENDIX 5. The HDCTD constructs were double-tagged with a 5’ Strep II tag and a
3’ 6xHis tag. All constructs were subsequently transformed into BL21(DE3) cells
(STUDIER and MOFFATT 1986) and protein expression was induced using the Novagen
toxic cells protocol (Novagen 2005). For expression of SCR peptides, 2 ml of 1%
glucose Luria-Bertani (LB) medium for (1 L: 10 g Tryptone, 5 g Yeast Extract, 5 g
NaCl, 10 g D-glucose) + 200 µg/ml ampicillin was inoculated with a colony
transformed with the appropriate SCR construct and incubated overnight at 37C
until OD600= 0.2-0.6. Cells were collected by centrifugation at 3,000 x g,
resuspended in 8 ml of fresh 1% glucose LB medium + 500µg/ml ampicillin and
then incubated at 37C until OD600= 0.2-0.6. To induce expression of SCR peptides,
cells were collected by centrifugation at 3,000 x g, resuspended in 8 ml of fresh 1%
glucose LB + 500 µg/ml ampicillin containing 1mM IPTG, and incubated at 30C for
2 hrs. Cells were collected by centrifugation at 3,000 x g and stored at -80C.
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3.2.3

Affinity purification of SCR peptides from Escherichia coli:

Tagged SCR peptides were purified from E.coli for in vitro biochemical assays.
Bacterial cells induced to express SCR peptides were resuspended in lysis buffer (50
mM NaH2PO4, pH 8, 300 mM NaCl, 10 mM imidazol, 1 mM PMSF, 10 mM mercaptoethanol, 1% Triton X-100) and sonicated to lyse cell membranes. Lysed
samples were centrifuged for 30 mins at 7,000 x g to remove cellular debris. Cleared
cell lysates were incubated with 15 ul of Streptactin Sepharose for 2 hrs at 4C. The
Strep-tactin Sepharose (IBA) was centrifuged and the supernatant removed. The
resin was washed three times for 20 mins with Wash Buffer (100 mM Tris-HCl, pH
8, 150 mM NaCl, 1 mM EDTA). Affinity purified protein was competitively eluted off
the resin by incubating with Elution Buffer (100 mM Tris-HCl, pH 8, 150 mM NaCl, 1
mM EDTA, 2.5 mM desthibiotin) for 1.5 hrs at 4C. Samples were boiled in SDS
Buffer for 8 mins.

3.2.4

Protein crosslinking:

Proteins were purified using Strep-tactin Sepharose (IBA) and were incubated for
10 min at RT with the protein crosslinker, formaldehyde, at a final concentration of
0 or 1 %. Samples were heated to 65C in SDS Buffer for 8 mins.

3.2.5

Detecting an interaction between the octapeptide and CTD:

Co-immunoprecipitation assays were used to test if the octapeptide motif and CTD
interact directly (CHIANG and ROEDER 1993). Bacterial cells induced to express
SCR+121TT, SCR14121TT, HDCTD+ and HDCTD6 were lysed in 1 ml of Flag Lysis Buffer
(50mM Tris-HCl, pH 7.4, 400mM NaCl, 1mM EDTA, 1% Triton X-100). Lysates were
centrifuged for 30 mins at 7,000 x g to remove cellular debris. Cleared cell lysates
containing SCR+121TT or SCR14121TT were incubated with 15µl of Anti-Flag M2
Affinity Resin (Sigma; BRIZZARD et al. 1994) for 1 hr at 4C. The Anti-Flag resin was
centrifuged and the supernatant removed. The resin was washed three times for 20
mins with TBS (50mM Tris-HCl, pH 7.4, 150mM NaCl, 1mM EDTA). The resin was
then incubated with HDCTD+ or HDCTD6 containing lysates for 1 hr, and then
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washed three times for 20 mins in TBS. Immunoprecipitated protein was
competitively eluted off the resin by incubating with 3xFlag peptide (Sigma) in TBS
(final concentration, 150 ng/µl) for 30 mins at 4C. Samples were boiled in SDS
Buffer for 8 mins.

3.2.6

Western blot analysis:

Samples were run on 15% SDS PAGE and proteins were transferred onto
Immobilon-P transfer membrane (Millipore). To visual FLAG tagged proteins, blots
were probed with an anti-FLAG mouse monoclonal antibody (Sigma), diluted
1:40,000. To visual proteins His tagged proteins, blots were probed with an anti-His
rabbit polyclonal antibody (GenScript), diluted 1:2,500. The antibody-antigen
complex was detected with either anti-mouse or anti-rabbit HRP conjugated
secondary antibody (Sigma), and the SuperSignal West Femto Chemiluminescent kit
(Pierce). Images were collected on a Fluorchem 8900 gel documentation system
(Alpha Innotech).

3.2.7

Statistical analyses:

Reexamination of the Scr14 phenotype required the characterization of Scr14 and the
comparison to previously acquired data. Comparisons of phenotypic data collected
in this study and in 2009 (SIVANANTHARAJAH and PERCIVAL-SMITH 2009) for the mean
number of sex comb bristles, number of pseudotracheal rows and number of nuclei
in the salivary gland were made using Student’s t-tests in Excel v.12.2.0 (Microsoft
2008).
An analysis of data from the experiments to characterize Scr14 antimorphy in vivo
was performed using SPSS v.16.0 (SPSS Inc. 2007). If significant differences were
detected using an ANOVA, multiple pair-wise comparisons were made using a Tukey
test. If significant differences were found using a Kruskal-Wallace test, multiple
pair-wise comparisons were made using a Dunnett T3. All salivary gland data were
analyzed using one-way ANOVAs. All data for number of sex comb bristles and
pseudotrachea in Scr+ hemizygotes were analyzed using one-way ANOVAs. All data
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for number of sex comb bristles and pseudotrachea in Scr14 hemizygotes were
analyzed using Kruskal-Wallace tests.

3.3 Results
3.3.1

Scr14 is a hypomorphic-antimorphic allele:

Scr14 was initially classified as an antimorphic allele based on its interaction with
Scr+, and the observation that Scr14 and Scr+ hemizygotes had similar phenotypes
(SIVANANTHARAJAH and PERCIVAL-SMITH 2009). However, reexamination of the Scr14
allele on Scr dependent phenotypes has revealed a change in allelic behaviour. It
was observed that the mean number of sex comb bristles decreased from 7 to 2.5
(p<0.001), the mean number of pseudotrachea decreased from 5.4 to 3 (p<0.001)
and the mean number of nuclei in the salivary glands decreased from 114.8 to 91.5
(p<0.001; Table 3.1; Figure 3.1). To identify the root of this discrepancy, the Scr14
allele was re-sequenced. The Ser10 to Leu change in the octapeptide motif and all
reported polymorphisms in exon 2 were still present (Table 2.1). Despite the
observed differences in Scr14 activity, the interaction of Scr14 with Scr+ still results in
the lowest number of sex comb bristles when compared with the interaction of all
other viable Scr hypomorphic alleles with Scr+ (SIVANANTHARAJAH and PERCIVAL-SMITH
2009). This indicates that Scr14 inhibits Scr+ activity. In addition, the interaction of
Scr14 with Scr13A, a null allele encoding a truncated protein product, indicates that
Scr13A inhibits Scr14 activity. These results demonstrate that Scr14 has the capacity to
interact with other SCR proteins and is antimorphic in nature. All of the evidence
combined, Scr14 is more accurately classified as a hypomorphic-antimorphic allele.
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TABLE 3.1. Comparison of Scr phenotypes observed in this study and in a previous
study ( SEM)
Genotype

Mean no. sex
comb bristles

Mean no.
pseudotrachea

Mean no. cells in
salivary gland

2012

20091

2012

2009

2012

Scr14/pb34

2.5  0.1

7.0  0.3*

5.4  0.3

3.0  0.1*

91.5  1.8 114.8  3.2*

Scr+/pb34

6.2  0.1

6.3  0.2

Scr+/Scr14

7.0  0.1

6.9  0.2

Scr14/Scr13A 1.9  0.1

2.6  0.1*

7.1  0.2

6.3  0.2*

Scr14/Scr6

1Values

2009

taken from SIVANANTHARAJAH and PERCIVAL-SMITH (2009)
Asterisks denote statistically significant differences for a particular phenotype
examined in 2009 from values collected in 2012 (P<0.001)
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FIGURE 3.1. Proboscis and sex comb phenotypes of the hypomorphic allele,
Scr14. Scr14 is a missense allele in the highly conserved, octapeptide motif. A.
Representations of the SCR proteins encoded by Scr+ and Scr14 alleles are shown.
Scanning electron micrographs of the adult labial palps (B) and of the fifth tarsal
segment (C) of the adult prothoracic leg of flies hemizygous for Scr+ and Scr14. When
compared to the Scr+ hemizygotes, Scr14 flies show a decreased number of rows of
pseudotrachea and sex comb bristles, indicating that Scr14 is a hypomorphic allele.
The arrowheads indicate the position of the sex comb. Images of Scr+ flies were
taken from SIVANANATHARAJAH and PERCIVAL-SMITH (2009).
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3.3.2

The octapeptide and LASCY motifs encode a putative leucine
zipper motif in Scr14:

An examination of SCR N-terminal sequence including the octapeptide motif and the
highly conserved, LASCY motif of Scr14 revealed the presence of a putative leucine
zipper motif. A key property of leucine zipper motifs is that they are alpha helical in
structure. The analysis of the SCR N-terminal region using protein secondary
structure prediction software identified an alpha helix in the region of the
octapeptide in both SCR+ and SCR14 using the Garneir-Robson method; however, this
alpha helix is slightly longer in SCR14 (Protean v4.0.3, DNA Star 1990-1999). This
same software predicted an alpha helical region in the octapeptide of SCR14, but not
SCR+ using the Chou-Fasman method. Another observation supporting the presence
of a leucine zipper was the identification of two heptad repeats in SCR14. A heptad is
a seven amino acid sequence that is found in two or more tandem repeats in a
leucine zipper motif, which in standard notation is designation: (a b c d e f g)n
(NIKOLAEV and PERVUSHIN 2009; KRYLOV and VINSON 2001). A leucine zipper motif
mediates dimerization, and the amino acids comprising a heptad repeat in a
dimerization partner are designated: (a’ b’ c’ d’ e’ f’ g’)n. Often, hydrophobic amino
acids occupy positions a and d, and charged amino acids occupy positions e and g of
each heptad repeat (KRYLOV and VINSON 2001). The structure and biochemical
properties of a leucine zipper are dependent upon the intermolecular interactions
that occur between the residues in positions a-a’, d-d’ and g-e’. Construction of a
sequence logo from leucine zipper motifs in 27 Drosophila proteins identified in
FASSLER et al. (2002) revealed a general consensus sequence of EgLaEbAcLdReQf for a
Drosophila heptad repeat (Figure 3.2; CROOKS et al. 2004; FASSLER et al. 2002;
SCHNEIDER et al. 1990). The two heptad repeats found in Scr14 both contain
hydrophobic residues at positions a and d; however, charged residues are not
present at residues e and g. When compared to Scr14, the sequence of the same
region in Scr+ encodes a single putative heptad repeat spanning part of the
octapeptide and the LASCY motifs (Figure 3.3). This observation presented the
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FIGURE 3.2. General consensus of a heptad repeat of a leucine zipper motif in
Drosophila. The sequence logo was made from the sequences of 130 heptad
sequences from 27 Drosophila bZIP proteins that were identified and aligned in
FASSLER et al. 2002. Amino acids have been colour-coded according to their
biochemical properties. Basic residuces are green (K, R, H), acidic residues are red
(D, E), hydrophobic residues are blue (G, A, V, L, I, M, P, F, W) and hydrophilic
residues are orange (S, T, N, Q, Y, C). The x-axis displays the general consensus for a
heptad repeat (g a b c d e f)n of a Drosophla bZIP protein, which is ELEALRQ. The
amino acids of the heptad are displayed from N-terminal (N) to C-terminal (C). The
y-axis is a measure of uncertainty (bits). The height of a stack indicates the degree
of sequence conservation at that position, and the height of an amino acid within a
stack indicates the relative frequency of that residue at that position. As expected,
charged residues occupy positions e and g, and hydrophobic residues occupy
positions a and d. Below the logo are the sequences of the two heptad repeats found
in SCR14. Hydrophobic residues are found at positions a and d and hydrophilic
residues are found at positions c and f in both heptads. Charged residues required
for dimer specificity are not found at positions e and g. The sequence logo was
created using WebLogo 3 (v.2.8.2).
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FIGURE 3.3. Oligomerization of SCR peptides requires the presence of two
leucine residues in the octapeptide and LASCY motifs. A. Sequence of the Nterminal region of wild-type SCR highlighting the location of the two putative
heptad repeats spanning the octapeptide and LASCY motifs. Constructs made for
expression of SCR peptides with one heptad in the LASCY (i), with two heptad
repeats (ii), with one heptad in the octapeptide and with no heptad repeats (iv). B.
SCR14 (SCRLL) peptides oligomerize upon addition of 1% (+) protein crosslinker,
whereas, SCR+ (SCRSL) peptides do not. C. SCR peptides with point mutations in two
putative heptad repeats were incubated with 1% (+) protein crosslinker. The ability
of SCR peptides to oligomerize is dependent on the presence of a leucine zipper
motif, composed of two heptad repeats. Removal of either or of both leucine
residues in this leucine zipper motif significantly reduces oligomerization. Proteins
were detected on a western blot using anti-FLAG antibody. Sizes of SCR14 oligomers,
when run on 15% (B) and 12% (C) SDS-PAGE, are indicated in brackets.
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possibility that the antimorphy of Scr14 was the result of the acquisition of a leucine
zipper motif.

3.3.3

In vitro analysis of Scr14 antimorphy:

To determine if SCR+ and SCR14 peptides have distinct structural properties, these
peptides were expressed and purified from bacteria and incubated with and without
protein crosslinker. First, it was noted that SCR+ and SCR14 ran at different
molecular weights on a gel. Second, the addition of protein crosslinker resulted in
oligomerization of SCR14 peptides but not SCR+ peptides (Figure 3.3). To identify
the amino acids required for SCR14 oligomerization, modified SCR peptides were
constructed with substitutions of the leucine residues present in the putative heptad
repeats of SCR14 (Figure 3.3). These proteins were purified and incubated with
protein crosslinker. It was found that oligomerization of the SCR14 peptide
depended on the presence of two leucine residues, and that removal of either or
both leucines of the heptad repeats reduced oligomerization (Figure 3.3). In
addition, the molecular weights of the modified SCR peptides were dependent on
the number of serine residues present; as leucines were substituted with serine
residues there was an increase in protein size.

3.3.4

In vivo analysis of Scr14 antimorphy:

To determine if the octapeptide and LASCY motifs function in a similar manner in
vivo, truncated SCR+ and SCR14 peptides were expressed from UAS constructs using
the Arm-GAL4 driver in both Scr+ and Scr14 hemizygotes. The observation that the
Scr13A null allele, which encodes a wild-type octapeptide, could inhibit Scr14 activity,
led to the prediction that truncated SCR14 peptides should inhibit Scr activity in a
reciprocal manner. Expression of SCR+ peptides had a significant effect only in the
prothoracic segment in Scr14 hemizygotes, which was indicated by a significant
decrease in the mean number of sex comb bristles from 3 to 1.3 (p<0.001; Table
3.2). Expression of SCR14 peptides decreased the number of sex comb bristles and
the mean number of nuclei in the salivary glands in both Scr+ and Scr14 hemizygotes.
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TABLE 3.2. Affect of ectopic expression of SCR+ or SCR14 polypeptides on three Scr
dependent phenotypes in flies hemizygous for an endogenous wild-type or Scr14
allele ( SEM).
Uas-X

Mean no. sex
comb bristles

Mean no.
pseudotrachea

Mean no. cells in
salivary gland

Scr+

Scr+

Scr+

Scr14

Scr14

Scr14

none

6.4  0.1a 3.0  0.1a

5.3  0.1a 3.1  0.1a 113.3  1.7a 100.7  1.8a

Scr+121TT

6.0  0.2a 1.3  0.2b

5.5  0.1a 3.0  0.1a 114.5  2.5a 105.0  2.0a

Scr14121TT 5.5  0.1b 1.9  0.1c

5.6  0.1a 3.6  0.1b 91.9  2.2b

88.8  1.9b

Data in the same column with the same letters are not significantly different
(P<0.05)
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SCR14 peptides inhibited endogenous Scr+ activity to significantly decrease the sex
comb bristle number from 6.4 to 5.5 (p<0.001) and decrease the mean number of
nuclei in the salivary gland from 100.7 to 88.8 (p<0.001). SCR14 peptides inhibited
endogenous Scr14 to significantly decrease the number of sex comb bristles from 3
to 1.9 (p<0.001) and decrease the number of nuclei in the salivary gland from 113.3
to 91.9 (p<0.001). In contrast, expression of SCR14 increased the number of rows of
pseudotrachea in a Scr14 hemizygote from 3.1 to 3.6 (p=0.01).

3.3.5

Identifying the region of SCR N-terminal required for SCR14
antimorphy:

The observation that SCR+ peptides could inhibit Scr14 activity suggested that the
second putative heptad, encoded by part of the octapeptide and the LASCY motif, is
required for inhibition of Scr activity. To test this idea, altered SCR peptides,
8aa

SCR+TT, SCR14TT, SCR

8aa, octa

TT, SCR

8aa, octa, LASCY

TT, SCR

TT, SCR

LASCY

TT,

SCRSer10Ile, SCRSer10AlaTT were expressed in Scr+ and Scr14 hemizygotes (Figure
3.4). UBX14 peptides were expressed in hemizygotes as a control. The phenotype
assayed was the sex comb bristles on the T1 leg, because it is the phenotype most
sensitive to levels of SCR expression. The only construct with the ability to inhibit
endogenous Scr+ activity was SCR14, which caused a significant decrease in the
number of sex comb bristles from 6.4 to 5.5 (p=0.001). All other mutant SCR
peptides did not produce a significant decrease in sex comb bristle number. The
expression of these same mutant SCR peptides produced different results in a Scr14
hemizygotes. A significant decrease in the number of sex comb bristles was
observed for five different constructs: there was a decrease upon expression of SCR+
8aa

from 3 to 1.8

LASCY

from 3 to 2.3

from 3 to 1.3 (p<0.001), of SCR14 from 3 to 1.9 (p<0.001), of SCR
(p<0.001), of SCR

8aa, octa, LASCY

of 3 to 2.2 (p=0.002) and of SCR

(p=0.007). Deletion of the octapeptide in SCR

8aa, octa

resulted in the inability to

inhibit Scr14 activity. These data indicate that inhibition of Scr14 requires SCR
peptides with an octapeptide motif with either wild-type or Scr14 sequence.
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FIGURE 3.4. Analysis of the inhibition of sex comb development by SCR
peptides in Scr+ and Scr14 hemizygotes. A. UAS constructs made to determine the
cause of Scr14 antimorphy were deletions and point mutations (changed residue
indicated in red) in the N-terminal region of SCR, encompassing the octapeptide and
LASCY motifs. B. The affect of expression of UAS constructs on the development of
the sex combs in Scr+ and Scr14 hemizygotes. pb34 is a deficiency encompassing the
Scr locus. No UAS construct was expressed in control flies (a). A significant
decrease was detected in the mean number of sex comb bristles only upon
expression of SCR14 in a Scr+ hemizygote; whereas, a significant decrease was
detected upon expression of SCR+, SCR14, SCR8aa, SCR8aa,octa, LASCY and SCRLASCY in a
Scr14 hemizygote (p<0.05). Inhibition of Scr activity by SCR14 peptides suggests that
inhibition requires the presence of two heptad repeats, with leucines in position d of
each heptad. The strongest inhibition of Scr14 activity was noted with peptides
encoding the second heptad repeat, which spans part of the octapeptide and the
LASCY motif. Deletion of the first and part of the second heptad in (d) resulted in
the inability to inhibit Scr14 activity. Data was not obtained (dno) for SCRSer10Ile
expression in the Scr14 hemizygote. C. Expression of UAS constructs in Drosophila
embryos. SCR peptides were detected using anti-Flag and UBX was detected using
anti-HA antibody.
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Conversely, inhibition of Scr+ activity requires an octapeptide motif with Scr14
sequence.

3.3.6

SCR octapeptide motif does not interact with the CTD:

In an analysis of the interaction between Scr14 and various other Scr alleles, it was
noted that Scr14 did not genetically interact with Scr6. This result was explained by
proposing that the CTD of Scr6 was hyperactive at binding and masking the
octapeptide motif, in an intramolecular manner. To test this interpretation, coimmunoprecipitation assays were performed using SCR peptides encoding the
octapeptide motif and the CTD. Unfortunately, a direct detection could not be
detected between these two protein regions using this technique (Figure 3.5).

3.4 Discussion
3.4.1

The octapeptide motif is differentially pleiotropic:

Upon re-analysis, Scr14 is more accurately classified as a hypomorphic-antimorphic
allele. In a previous characterization of highly conserved motifs of SCR, it was found
that the DYTQL motif, YPWM motif and CTD were differentially required for three
tissues assayed (SIVANANTHARAJAH and PERCIVAL-SMITH 2009). To determine if the
octapeptide of Scr14 was uniformly or differentially required for Scr function, the
rank order of this allele was determined in relation to previously characterize
hypomorphic alleles of Scr in SIVANANTHARAJAH and PERCIVAL-SMITH (2009). The rank
order, from weakest to strongest Scr phenotype, in the salivary glands was: Scr+/-=
Scr7= Scr8= Scr5= Scr6≥ Scr15=Scr14= Scr3, in the proboscis the order was: Scr+/-≥
Scr6= Scr7> Scr8> Scr14> Scr15= Scr5= Scr3, and in the prothoracic segment the order
was: Scr+/-> Scr7> Scr14= Scr3= Scr6> Scr15= Scr8=Scr5. The rank order of Scr14 varied
in relation to the other hypomorphic Scr alleles, demonstrating a clear differential
requirement for the octapeptide motif in the tissues examined.
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FIGURE 3.5. The octapeptide motif and the CTD of SCR do not interact in vitro.
HDCTD peptides, encoding either the wild-type or Scr6 CTD, could not be coimmunoprecipitated with triple tagged (TT) octapeptide peptides, encoding either
the wild-type or Scr14 octapeptide motif, indicating that these two domains do not
directly interact in vitro. Lysates were loaded in lanes 1-4 and immunoprecipitated
samples in lanes 5-12. Presence or absence of octapeptide and HDCTD peptides in
each experiment is indicated above the lanes. Control experiments demonstrating
successful purification of tagged peptides encoding wild-type or Scr14 octapeptide
peptides (lanes 5-6). Control experiments showing that HDCTD peptides, encoding
wild-type or Scr6 CTD sequence, do not bind to affinity beads in a non-specific
manner (lanes 7, 10). If an interaction between the octapeptide and CTD did occur,
then co-purification of HDCTD peptides with tagged octapeptide peptides should
occur in lanes 8, 9, 11 or 12; however, this is not observed indicating that these
protein regions do not interact in vitro. Peptides were detected on a western blot
using an anti-HIS antibody.
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3.4.2

Molecular mechanism of Scr14 antimorphy:

In this study, the reexamination of the interaction between Scr14 with Scr+ and the
null allele, Scr13A, confirms that Scr14 has antimorphic activity. The identification of
a putative leucine zipper motif in the region of the octapeptide and LASCY motifs in
SCR14 suggested that this leucine zipper motif might be the cause of the observed
antimorphy. The sequence of the two heptad repeats found in SCR14 fit the general
consensus of a Drosophila heptad repeat at positions a and d, which are
hydrophobic amino acids required for dimer stability. In vitro assays demonstrated
that petides encoded by Scr14 have the capacity to oligomerize but peptides encoded
by Scr+ do not. A substitution analysis of SCR peptides in vitro revealed
oligomerization requires the presence of leucine residues at position d of both
putative heptad repeats. The heptad repeats in SCR14 differ from the general
consensus of a Drosophila heptad repeat in that charged residues are not found at
positions e and g of each heptad. The importance of the charged residues at
positions e and g lie in their ability to confer dimerization specificity. Often the lack
of charged residues at these two positions promotes higher order oligomerization,
which is what is observed in crosslinking experiments with SCR14 in vitro.
In vivo experiments to determine if Scr14 encoded an active leucine zipper motif
found that SCR14 peptides could inhibit endogenous Scr+ activity. This ability to
inhibit Scr activity occured in a reciprocal manner in which SCR+ peptides could also
inhibit Scr14 activity; however, the pattern in which this inhibition occurred differed
depending on the SCR peptide expressed and the tissue in which expression
occurred. For instance, SCR+ peptides inhibited endogenous Scr14 activity in the
prothoracic segment, but this peptide had no effect when expressed in tissues of
SCR dependent labial segment derivatives. In contrast, SCR14 peptides inhibited Scr+
activity in both the prothoracic segment and in the salivary glands. The observation
that expression of SCR+ peptides does not affect Scr+ activity, suggests that wild-type
SCR molecules do not dimerize via the octapeptide motif. It is possible that in vivo,
dimerization of wild-type octapeptide motifs does occur in a transient and
dissociable manner; however, such an interaction has not yet been observed in vitro
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cross-linking experiments. Also, SCR14 peptides had an inhibitory effect on both
endogenous Scr+ and Scr14 activity in vivo, suggesting that Scr14 has the ability to
form both heterodimers and homodimers in vivo. Closer examination of the Nterminal region of SCR to pinpoint the cause of Scr14 antimorphy confirmed that
antimorphy requires the presence of the second heptad repeat, which spans part of
the octapeptide and the LASCY motif. The strongest inhibition of Scr14 activity was
seen upon expression of SCR peptides encoding this second heptad repeat, while
inhibition of Scr14 activity was lost when this region was deleted. One unexpected
result was the inability of SCRSer10Ala, which encodes the second heptad repeat, to
inhibit Scr14 activity. One explanation is that the Serine to Alanine change caused a
structural difference in the octapeptide motif resulting in less effective inhibition of
Scr14 activity.

3.4.3

Scr14 presents a novel mechanism of antimorphy:

The classic example of antimorphy is the dominant negative. In the literature, there
are a number of examples of leucine zipper encoding proteins behaving in a
dominant negative manner. For instance, truncated versions of the developmentally
important Arabidopsis protein, ERECTA, a leucine-repeat rich receptor like Ser/Thr
kinase (LRR-RTK), encoding the LRR were able to inhibit normal ERECTA function
in a dominant negative fashion (SHPAK et al. 2003). The introduction of a point
mutation into the LRR abolished this dominant negative effect, indicating that the
leucine zipper motif is essential for the antimorphic activity of truncated ERECTA
proteins. In another example, truncated forms of the Drosophila transcription
factor Fos, encoding a leucine zipper motif, were able to inhibit wild-type Fos
activity (PIERRE et al. 2008). Truncated peptides also demonstrated the neomorphic
ability to form novel heterodimers with other leucine zipper encoding proteins.
With both ERECTA and Fos it is presumed that inhibition occurs by forming inactive
heterodimeric complexes with normal, and sometimes novel, binding partners
(PIERRE et al. 2008; SHPAK et al. 2003).
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When compared to the above examples, Scr14 antimorphy is unique, because the
mode of antimorphy is not dominant negative. In the classic case with dominant
negative proteins, the protein normally functions as part of a dimer or heterodimer.
There is no evidence that wild-type SCR proteins have an active leucine zipper motif
and form homodimers via the octapeptide motif in vivo. Rather, a missense
mutation results in the introduction of a leucine zipper motif into the region of the
highly conserved octapeptide and LASCY motifs, allowing the formation of
detectable homodimers and heterodimeric complexes with SCR. A recent study
found that SCR dimerizes on DNA through the HD (PAPADOPOULOS et al. 2012). It is
possible that dimerization via the HD on DNA facilitates an interaction between two
wild-type octapeptide motifs through the singular heptad of the LASCY motif. Such
an interaction would be expected to be highly dependent upon DNA binding for
bringing the octapeptides into close proximity and for stability.

3.4.4

Octapeptide motif and CTD interaction:

The third prediction of the proposed model for SCR activity was that the octapeptide
motif interacts with the CTD. A direct interaction between these two domains could
not be detected here using co-immunoprecipitation assays. There are a number of
reasons why a biochemical interaction was not observed. One explanation is that
the proteins used in this assay were produced and purified from bacteria; therefore,
if factors mediating interaction or post-translational modifications are required for
an interaction to occur, then one could not be detected using this method. Also, it is
possible that the interaction between these domains is weak and transient. One
approach to circumvent many of these issues is to purify proteins produced from
Drosophila; however, this is not technically possible, because CTD peptides are toxic
when expressed in vivo.
Altogether, the results of this study show that wild-type SCR does not dimerize via
the octapeptide motif, indicating that the capacity to dimerize is a specific function
of SCR14. Also, there is no evidence to demonstrate that the octapeptide and CTD
interact in vivo. However, the ability of SCR14 to form inactive complexes with wild-
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type SCR presents a novel mechanism of HOX regulation by leucine zipper encoding
proteins. One class of proteins known to regulate HOX function that also contain
leucine zippers are the Polycomb group (Pc-G) and Trithorax group (Trx-G) class of
chromatin associated proteins (PERRIN et al. 2003). A future direction may be to
further investigate if Pc-G and Trx-G group proteins regulate HOX function by
leucine zipper-octapeptide interactions.
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4

Analysis of heteromeric protein complex formation between
the Drosophila melanogaster HOX proteins, Sex combs
reduced and Proboscipedia

4.1 Introduction
Body patterning in Bilateria requires the Homeotic selector (Hox) genes, which are
expressed in spatially restricted domains along the anterior-posterior axis of the
embryo to determine the identity of each body segment (CARROLL 1995; LEWIS 1978).
In Drosophila melanogaster, there are 15 unique body segments and only 8 Hox
genes, presenting the possibility that in some segments, identity is the result of
combinatory action of two HOX proteins. There are examples of segments where
HOX expression domains overlap. During development, Sex Combs Reduced (SCR)
and Proboscipedia (PB) are co-expressed in the embryonic labial segment and larval
labial imaginal disc (RANDAZZO et al. 1991; GLICKSMAN and BROWER, 1988; PULTZ et al.
1988; SCOTT et al. 1983). These two HOX proteins are required for the development
of the adult labial segment derivative, the proboscis, which is the adult feeding tube
(PERCIVAL-SMITH et al. 1997). The requirement of PB and SCR expression for the
formation of a proboscis is evolutionarily conserved across the insect orders Diptera
(Drosophila), Coleoptera (Tribolium) and Hemiptera (Oncopeltus) (DECAMILLIS et al.
2001; HUGHES and KAUFMAN, 2000; PERCIVAL-SMITH et al. 1997). In all of these insect
orders, simultaneous loss of both PB and SCR activity results in a labial palp to
antenna transformation.
A detailed analysis of the interaction between PB and SCR during development, led
to the proposal of a model for how PB and SCR determine four different
developmental fates (PERCIVAL-SMITH et al. 1997). In this model, loss of SCR and PB
expression in primordial cells results in cells adopting antennal identity. When SCR
or PB is expressed alone in cells, the subsequent expression of SCR or PB regulated
genes causes cells to adopt tarsus or maxillary palp identity, respectively. When
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both PB and SCR are expressed together, these proteins form a heteromeric protein
complex required for transcription of a novel set of genes that determine proboscis
identity.
The requirement of both SCR and PB for development of three adult structures, the
maxillary palps, proboscis and T1 legs, is well demonstrated with loss of function
and gain of function alleles. In mutants homozygous for null pb alleles, the
proboscis is transformed into tarsi (KAUFMAN, 1978; BRIDGES and DOBZAHNSKY, 1933).
While, in mutants with loss of function Scr alleles, the proboscis is transformed
towards maxillary palp identity (SIVANANTHARAJAH and PERCIVAL-SMITH 2009;
PERCIVAL-SMITH et al. 1997; PATTATUCCI et al. 1991). When expression of both
proteins is lost, as in pb Scr clones of cells, proboscis cells adopt antennal identity
(PERCIVAL-SMITH et al. 1997). In gain of function studies, the ectopic expression of PB
results in the transformation of antennae to maxillary palps, and the ectopic
expression of SCR results in the transformation of aristae to tarsi (PERCIVAL-SMITH et
al. 1997; CRIBBS et al. 1995; GIBSON et al. 1990).
PB-SCR complex formation is supported by evidence from experiments with
engineered dominant negative proteins. It was observed that expression of
dominant negative PB molecules in proboscis cells produced a loss of function SCR
phenotype, indicating that PB was capable of interacting with and inhibiting SCR
activity (PERCIVAL-SMITH et al. 1997). A genetic interaction is also observed during
embryogenesis with ectopic expression of PB and SCR, alone and together,
demonstrating that PB inhibits SCR dependent T1 beard formation in the thorax;
however, PB did not affect SCR dependent salivary gland formation in the labial
segment (PERCIVAL-SMITH et al. 1997). This latter observation indicates that the PBSCR interaction is spatially regulated
Despite strong genetic evidence in support of the proposed model for proboscis
determination, there are a number of critiques of this model. Firstly, the co-ectopic
expression of PB and SCR does not result in the expected transformation of the
antenna to a proboscis, but rather the antenna to a maxillary palp (A. PERCIVAL-
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SMITH, Unpublished results). Secondly, in contrast to the inhibitory effect of
dominant negative PB on SCR function, the expression of dominant negative SCR
molecules did not result in the expected reduction of the maxillary palps (PERCIVALSMITH et al. 1997). Lastly, experiments aimed at capturing a direct biochemical
interaction between PB-SCR have been unsuccessful. A direct PB-SCR interaction
could not be detected by a yeast two-hybrid assay and PB could not be coimmunoprecipitated with SCR, following in vitro transcription and translation of
these two proteins (TAYYAB et al. 2004). The failure of both of these biochemical
experiments strongly suggests the necessity of factors that mediate an interaction
between PB and SCR. Yeast two-hybrid assays are designed to identify binary
protein interactions only and in vitro transcription and translation of PB and SCR
alone would not provide necessary mediating factors for interaction.
Together, the results of previous studies aimed at understanding the nature of the
PB and SCR interaction have led to the conclusions that the interaction between PB
and SCR is spatially regulated during development, and that the biochemical
interaction between PB and SCR is not direct. These observations suggest that
additional factors are required for an interaction between PB and SCR during
proboscis determination. Here I test the prediction that PB and SCR interact
through mediatory factors to determine proboscis identity. The in vivo coexpression of SCR and PB during development, when a genetic interaction is known
to occur between these proteins, should allow for the presence of mediatory factors
necessary for the detection of a PB-SCR biochemical interaction. The results of this
study demonstrate that SCR cannot be co-purified with PB from D. melanogaster
embryos, suggesting that PB and SCR may not form a heteromeric protein complex
to determine proboscis identity.

4.2 Materials and Methods
4.2.1

Transgenic flies:

Fly lines were established with the following genotypes: y w; P{Uas-Scr, w+}, P{hsppb, ry504} (PERCIVAL-SMITH et al. 1997) and y w; P{hsp-pbTT, w+} (TAYYAB and
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PERCIVAL-SMITH, Unpublished). These lines were induced to express in vivo, PB and
PB fused to a Triple-tag (TT, composed of 6xHis, Strep and Flag tags; TIEFENBACH et
al., 2010) by heat shock (STRUHL 1985), and express SCR using the GAL4-UAS system
(BRAND and PERRIMON 1993). The coding sequences of pb alone or pb fused to the
sequence encoding the Triple-tag were inserted downstream of a heat shock
promoter in pCaSpeR (THUMMEL and PIRROTTA 1992). The coding sequence of Scr
was inserted downstream of the GAL4-UAS in pUAST. Both constructs were
independently incorporated into the Drosophila genome using P-element mediated
transformation (RUBIN and SPRADLING 1982). y w; P{Uas-Scr, w+} and y w; P{hsppbTT, w+} were inserted on chromosomes 2 and 3, respectively. These lines were
used to create the y w; P{Uas-Scr, w+}; P{hsp-pbTT,w+} genotype using standard
genetic crosses.

4.2.2

Analysis of ectopic expression of PB and PBTT on larval
cuticles:

Embryos from flies of the genotype, P{hsp-pb, ry504} and y w; P{hsp-pbTT,w+} were
collected and heat-shocked for 10-20 minutes at 5 hrs AEL. First instar larvae were
collected from apple juice plates, dechorionated, devitellinized and mounted in 50%
Hoyer’s mountant/50% Lactic Acid (WIESCHAUS and NUSSLEIN-VOLHARD 1986).

4.2.3

Expression of PBTT and SCR in vivo:

Flies of three different genotypes, y w; P{Uas-Scr, w+}, y w; P{hsp-pbTT, w+} and y w;
P{UAS-Scr, w+}; P{hsp-pbTT,w+}, were used in co-immunoprecipitation experiments.
Ubiquitous expression of SCR was induced in vivo using the GAL4-UAS system
(BRAND and PERRIMON 1993). All fly lines were crossed to a driver line of the
genotype, y w; P{Armadillo-Gal4, w+}, to express SCR in the lines containing P{UASScr}. Next, embryos were collected from these flies, aged 3-15hrs, and heat shocked
for 30 minutes at 37C to induce expression of PBTT in lines containing P{hsppbTT}. Heat shocked embryos were allowed to recover at RT for 10 mins, collected
and stored at -80C.
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4.2.4

Co-Immunoprecipitation of SCR with PBTT:

Approximately 150 mg of Drosophila embryos were homogenized in 1 ml of Flag
Lysis Buffer (50mM Tris-HCl, pH 7.4, 400mM NaCl, 1mM EDTA, 1% Triton X-100).
Lysed samples were centrifuged for 30 mins at 7,000 x g to remove cellular debris.
Cleared cell lysates were incubated with 15ul of Anti-Flag M2 Affinity Resin (Sigma)
for 1 hr at 4C. The Anti-Flag resin was centrifuged and the supernatant removed.
The resin was washed three times for 20 mins with TBS (50mM Tris-HCl, pH 7.4,
150mM NaCl, 1mM EDTA). Immunoprecipitated protein was competitively eluted
off the resin by incubating with 3xFlag peptide (Sigma) in TBS (final concentration,
150ng/ul) for 30 mins at 4C. Samples were boiled in SDS Buffer for 8 mins. The
above steps were repeated in a second experiment with the addition of the protein
crosslinker, formaldehyde, to the cleared lysates at a final concentration of 0.4%.

4.2.5

Western blot analysis:

Samples were run on 10% SDS PAGE and proteins were transferred onto
Immobilon-P transfer membrane (Millipore). First, SCR was detected on the
western analysis with a mouse monoclonal SCR antibody (GLICKSMAN and BROWER
1988; Developmental Studies Hybridoma Bank), diluted 1:20. Second, the same blot
was probed to detect PB with an anti-FLAG monoclonal antibody (Sigma), diluted
1:40,000. For both antibodies, the antibody-antigen complex was detected with an
anti-mouse HRP conjugated secondary antibody (Sigma) and the SuperSignal West
Femto Chemiluminescent kit (Pierce). Images were collected on a Fluorchem 8900
gel documentation system (Alpha Innotech).

4.3 Results
Although genetic analysis suggests that SCR and PB interact at the protein level,
yeast two-hybrid and in vitro co-immunoprecipitation assays have not been able to
demonstrate a direct biochemical interaction between these proteins (TAYYAB et al.
2004; PERCIVAL-SMITH et al. 1997). The failure of these two experiments can be
explained by the requirement for additional factors to mediate an interaction
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Figure 4.1. Ectopic expression of PB and PBTT results in a similar first instar
larval cuticle phenotype. The cuticle patterns of a) P{hs-pb, ry504} and b) y w; P{hspbTT,w+} larvae are characterized by the suppression of germ band retraction and
head involution. Anterior is to the left and dorsal to the top. These results
demonstrate that the addition of a tag has no effect on PB activity.
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between PB and SCR. To circumvent this issue, SCR and PB were co-expressed in
vivo, where additional factors should be present to allow an interaction to occur and
be detected. Before proceeding with the co-immunoprecipitation, it was tested if
addition of a Triple-tag to the PB protein altered its function. Both Triple-tagged and
untagged PB molecules were ectopically expressed in vivo, and the cuticle pattern of
first instar larvae was examined (Figure 4.1). In both experiments, the observed
phenotype was the inhibition of germ band retraction, the inhibition of head
involution and the reduction of the T1 beard. This latter observation demonstrates
that the addition of a tag to PB does not affect the ability of PB to interact with SCR
to inhibit its function.
To determine if complex formation occurs between SCR and PB, coimmunoprecipitation assays were performed following co-ectopic expression of SCR
and PBTT in Drosophila embryos. However, attempts at co-purification of SCR with
PBTT were unsuccessful, suggesting that PB and SCR do not interact in a
heteromeric protein complex (Figure 4.2, lane 5). The PBTT protein is detected in
the cell lysate and immunoprecipitated fractions from yw; P{UAS-Scr, w+}; P{hsppbTT, w+} flies. The near absence of PBTT in the supernatant demonstrates efficient
binding of PBTT to the anti-Flag resin. However, the SCR protein is only detected in
the input and in the supernatant, indicating that it does not interact with PB and
cannot be co-immunoprecipitated. To test the potential that the interaction
between PB and SCR is weak and transient, the experiment was repeated using
0.4% formaldehyde as a protein crosslinker to stabilize weak protein interactions
(Figure 4.3). The use of a protein crosslinker prevented the immunoprecipitation of
PBTT (lanes 4-5). SCR was found in the cell lysates and supernatants, but was not
present in the immunoprecipitated fractions (lanes 5-6).
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Figure 4.2. SCR cannot be co-immunoprecipitated with PB from Drosophila
embryos. Lysates (lanes 1-3), immunoprecipitated fractions (IP; lanes 4-6) and
supernatants (sn; lanes 7-9) are shown for three co-immunoprecipitation assays.
Presence or absence of PBTT and SCR in each of the assays is indicated above the
blot. Arrows point to the PB and SCR proteins, which were detected using anti-Flag
and anti-SCR monoclonal antibodies, respectively. If an interaction between PB and
SCR occurred, then SCR should be co-immunoprecipitated with PB in lane 5;
however, this does not occur. SCR is detected only in the lysate and IP, indicating
that an interaction between SCR and PB was not detected using this asay.
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Figure 4.3. SCR cannot be co-immunoprecipitated with PB from Drosophila
embryos using 0.4% formaldehyde as a protein crosslinker. Lysates (lanes 13), immunoprecipitated fractions (IP; lanes 4-6) and supernatants (sn; lanes 7-9)
are shown for three co-immunoprecipitation assays. Presence or absence of PBTT
and SCR in each of assays is indicated above the blot. Arrows point to the PB and
SCR proteins, which were detected using anti-Flag and anti-SCR monoclonal
antibodies, respectively. The addition of protein crosslinker affected the ability to
co-immunoprecipitate PBTT from cell lysates. This technical issue prevented the
ability to test for a weak and transient interaction between PB and SCR
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4.4 Discussion
A number of genetic experiments led to the proposal of a model for how the two
HOX proteins, PB and SCR, function to specify the identity of three body segments
(PERCIVAL-SMITH et al. 1997). In this model, PB and SCR work alone to establish the
identity of the maxillary and prothoracic segments, respectively; whereas, PB and
SCR form a heteromeric protein complex for proboscis determination in the labial
segment. To test for complex formation I attempted to co-purify SCR with tagged PB
molecules from Drosophila embryos, but was unsuccessful. This result does not
support the proposed model in which SCR and PB interact through mediatory
proteins. One possibility is that an interaction could not be captured in vivo,
because the PB-SCR interaction is weak and transient or occurs only when these
proteins are bound to DNA. Unfortunately, the technical inability to purify PB upon
addition of protein crosslinker to stabilize protein interactions precludes an
understanding of whether the PB-SCR interaction is weak and transient.
However, results from a recent study support an alternate model for proboscis
determination (A. PERCIVAL-SMITH, Unpublished results). In this new model, SCR
alone has the capacity to determine proboscis identity, while PB acts as a
competence factor for SCR. One key transformation that had not been previously
observed was the transformation of the antenna towards a proboscis, upon coectopic expression of PB and SCR. Surprisingly, a strong antenna to proboscis
transformation could be produced by the co-ectopic expression of PB with modified
versions of SCR, which lack the highly conserved, insect specific motifs: the DYTQL
motif and/or the C-terminal domain. Further analysis revealed that the ectopic
expression of modified SCR in pb null mutants could produce a strong maxillary palp
to proboscis transformation, and a weak antenna to proboscis transformation. This
latter result demonstrates that SCR alone, albeit weakly, can produce an antenna to
proboscis transformation without the requirement for PB. The construction of SCR
proteins with deletions of the insect specific domains revealed that these regions
represent negative regulatory domains that inhibit proboscis determination.
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The ability of SCR to function independently of PB suggests that SCR exists in two
forms: one for determining prothoracic identity and another for determining labial
identity. The role of PB in the labial segment may be to alter SCR activity from a
prothoracic to labial state. Previous studies have found that PB has an inhibitory
effect on determination of tarsus identity. In an analysis of pb null alleles, it was
noted that as deletions of the C-terminal domain of PB increased in size, there was a
stronger transformation of the proboscis towards tarsus identity, indicating that PB
normally suppresses the ability of SCR to induce tarsus determination in the labial
segment (TAYYAB et al. 2004). Again, this inhibitory affect of PB is seen in co-ectopic
expression assays with other HOX proteins. The ectopic expression of any HOX
protein, with the exception of PB, can produce an antenna to tarsus transformation;
however, the co-ectopic expression of PB with any other HOX protein suppresses
this antenna to tarsus transformation (PERCIVAL-SMITH et al. 2005). The function of
PB to shut off tarsus determination in the labial segment might be essential for
enhancing the ability of SCR to form a proboscis. Since PB itself is not required for
the process of proboscis determination, it may primarily function as a competence
factor for SCR in the labial segment. The exact mode by which PB alters SCR activity
remains to be investigated.
In summary, my findings do not support a mechanism for proboscis determination
that is dependent on a biochemical interaction between PB and SCR. However, the
inability to detect an interaction between PB and SCR supports a novel model for
proboscis determination, in which SCR has the capacity to determine proboscis
identity alone.
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5

Summary and Discussion

The evolution of morphological diversity in animal design is related to the evolution
of genetic regulatory pathways (CARROLL 2005). Therefore, an understanding of
HOX regulatory control of body patterning is essential for appreciating the
morphological variation observed in nature. The goal of this thesis was to
understand how HOX protein structure contributes to function through an analysis
of the functional domain structure of the D. melanogaster HOX protein SCR. In
addition, I examined a prediction of a model where SCR and PB form a complex for
the determination of proboscis identity.
My first objective was a sequence analysis of Scr mutant alleles to identify functional
domains of SCR. I sequenced and characterized the phenotype of 15 Scr mutant
alleles. Changes were identified in a number of evolutionarily conserved regions of
SCR including the octapeptide motif, DYTQL motif, YPWM motif, HD and CTD. An
analysis of the affects of protein sequence changes on Scr dependent phenotypes
demonstrated multiple examples of differential pleiotropy. Differential pleiotropy is
the observation that HOX proteins are made up of small independently acting
peptide motifs that alone only make a small contribution to HOX activity, and it has
been described for the Hox genes, Ubx, Antp and AbdA (MERABET et al. 2011; PRINCE et
al. 2008; HITTINGER et al. 2005). Here, I demonstrate that there is a differential
requirement for highly conserved motifs of SCR within the same tissue, and that
there is a differential requirement for each highly conserved motif of SCR across
different tissues.
The significance of differential pleiotropy is two fold. First, it provides an
explanation for why most HOX protein motifs are important but do not seem to be
essential for protein function. Second, it is a mechanism that facilitates gene
evolution by reducing the pleiotropy of a mutation (MERABET et al. 2011; HITTINGER
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et al. 2005). Highly pleiotropic genes such as Hox genes serve a number of different
functions in the same organism; therefore, evolution of such genes should be tightly
constrained (CARROLL 2005). Despite these restrictions, a vast amount of
morphological variation seen in nature, raising the question, how do such genes
evolve? There are a number of genetic mechanisms for decreasing the pleiotropy of
a mutation and these include: functional redundancy between two genes,
modularity of enhancer elements and alternative splicing (CARROLL 2005). All of
these mechanisms reduce the impact of a gene mutation, thereby, alleviating the
constraints placed on the evolution of pleiotropic genes by purifying selection.
Coding sequence changes should be constrained by the pleiotropy of essential
regulatory proteins; however, differential pleiotropy provides a mechanism by
which to reduce the severity of a coding sequence mutation (HITTINGER et al. 2005).
Since highly conserved HOX motifs are differentially required throughout
development, a coding sequence mutation would affect only a subset of a pleiotropic
gene’s functions. Thus, reducing the impact of a mutation could allow protein
sequences to change over time
My second objective was to characterize the mechanism for antimorphy of Scr14, a
missense allele in the Bilateran specific ocatapeptide motif. Scr14 is interesting,
because it is a hypormophic-antimorphic allele. In the classic mechanism for
antimorphy, dominant negativity, inactive proteins expressed from the mutant allele
form a complex with wild-type proteins, rendering the complex inactive. Scr14 is
distinct from the traditional dominant negative, because there is no evidence that
wild-type SCR dimerizes through the octapeptide motif. Rather, the Ser10 to Leu
change in SCR14 may result in the acquisition of a leucine zipper motif in the
octapeptide and LASCY motifs of SCR, which allows SCR14 peptides to form
homodimers and heterodimeric complexes with SCR+ in vivo. Given this distinction,
Scr14 represents a novel class of antimorphic allele.
The last objective of my thesis was to determine if two HOX proteins functioned as a
complex to specify labial segmental fate. A number of genetic experiments led to the
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proposal of a model for how PB and SCR function to specify the identity of three
body segments (PERCIVAL-SMITH et al. 1997). In this model, PB and SCR work alone
to establish the identity of the maxillary and prothoracic segments, respectively;
whereas, PB and SCR form a multimeric protein complex for proboscis
determination in the labial segment. To test for complex formation I attempted to
co-purify SCR with tagged PB molecules from Drosophila embryos, but was
unsuccessful. This result does not support the proposed model in which SCR and PB
form a complex to determine proboscis identity. However, a recent study found that
the ectopic expression of modified versions of SCR alone, which lack the DYTQL
motif and/or the C-terminal domain, could induce antenna to proboscis
transformations (A. PERCIVAL-SMITH, Unpublished results). A role for the DYTQL
motif and CTD in proboscis determination is not surprising, since the analysis of the
pleiotropy of viable Scr alleles for the formation of pseudotracheae in the labial
segment, initially suggested that the DYTQL motif and the CTD mediated a genetic
interaction with pb (SIVANANTHARAJAH AND PERCIVAL-SMITH 2009). The finding that
SCR can function independently of PB suggests that SCR exists in two forms: one for
determining prothoracic identity and another for determining labial identity. The
role of PB in the labial segment may be to alter SCR activity from a prothoracic to
labial state.
Together, these results provide a detailed analysis of the internal domain structure
of the HOX protein, SCR. However, our understanding of the contributions of all
highly conserved protein regions to protein function is not complete. Reducing a
HOX protein to its fundamental functional components will require further analyses
of the significance of each conserved motif.

5.1 Future Directions
A detailed picture of HOX control of development necessitates further analysis of the
conserved motifs of HOX proteins. The results of this study highlight the importance
of some highly conserved HOX peptides to HOX function. However, the protein
motifs of focus here are those that have been well studied in the past, such as the

133

YPWM and octapeptide motifs. For a thorough understanding of HOX protein
structure, an analysis of uncharacterized protein regions is required. The
conservation of such domains has only become apparent recently, as various
researchers in the field of Evolution and Development have undertaken the
sequencing of a more representative sample of animal Hox genes. Examples of these
newly identified protein motifs of SCR include the KMAS motif, which is common to
all Bilateran SCR homologues, and the NANGE, PQDL and SCKY motifs, which are
common to Arthropoda. Smaller, yet well conserved, motifs may also play an
important role in development. Identifying the particular roles of each motif, or
their relative contributions to SCR dependent functions, will assist in correlating the
appearance or loss of highly conserved domains with the evolutionary acquisition of
novel HOX functions.
Another interesting future initiative would be to determine if HOX proteins are
regulated during development by proteins encoding leucine zipper motifs. The
observation that SCR14 antimorphy may be the result of the acquisition of a leucine
zipper motif, which allows SCR14 to form inactive complexes with wild-type SCR,
presents a novel mechanism of HOX regulation by leucine zipper containing
proteins. During development, HOX proteins are regulated by the Pc-G and Trx-G
genes, which are involved in chromatin remodeling. Examples from these groups of
genes that also encode leucine zipper motifs are the Trx-G protein, Moira (CROSBY et
al. 1999), and the Pc-G protein, Enhancer of Polycomb (STANKUNAS et al. 1998). In
addition, one study identified 27 proteins in the Drosophila genome encoding
leucine zipper motifs (FASSLER et al. 2002). One protein from this screen is Cap ‘n’
collar-B (Cnc-B), which has previously been shown to inhibit DFD from inducing
maxillary segmental fate in the mandibular segment (VERAKSA et al. 2000; MCGINNIS
et al. 1998). The precise mode by which Cnc-B inhibits DFD activity is not
understood, though potential explanations for this observed inhibition include CncB repression of DFD transcription and Cnc-B inhibition of DFD protein activity.
Given that DFD auto-activates its own expression, both scenarios are possible
(VERAKSA et al. 2000). A direct link between other Drosophila leucine zipper
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encoding proteins and HOX proteins may not be obvious; however, closer
examination may reveal novel HOX interaction partners.
Furthermore, the leucine zipper motif of SCR14 was not detected by freely available
leucine zipper prediction software (BORNBERG-BAUER et al. 1998). There are many
explanations for the failure to detect a leucine zipper motif in SCR14, including the
small size of the motif, which is two heptads in length, and the absence of expected
charged residues in positions e and g of each heptad. This issue raises the question
of whether a complete list of leucine zipper containing proteins in Drosophila has
even been identified. It may be necessary to reduce the stringency for detection of
putative lecine zipper motifs and empirically test the capacity of these motifs to
dimerize or oligomerize.
Past studies have provided strong evidence demonstrating that HOX control of
development has contributed to the evolution of animal design. Therefore, detailing
the contributions of evolutionarily conserved protein domains in mediating this
function is required for understanding morphological evolution in animals.
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APPENDIX 2. Primers used for Real time PCR analysis of transcript levels in viable Scr
hypomorphs
Oligo name

Oligo sequence (5’ to 3’)

Scr-Fwd
Scr-Rev
rp49-Fwd
rp49-Rev

TATCCGTGGATGAAGCGAGT
GGTCAGGTACGGTTGAAGT
CTTCATCCGCCACCAGTC
GTGCGCTTGTTCGATCCG
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APPENDIX 4. Crossing scheme and chromosome of insertion for UAS constructs used
in Chapter 3. (i) Crossing scheme used to produce progeny (F1) in which SCR
constructs were expressed in Scr+ or Scr14 hemizygous backgrounds. (ii) The
chromosome of insertion of each UAS-Scr- X121TT construct was mapped before
stocks were generated.
(i)
P

a

y w; P{Uas-Scr- X121TT, w+}; pb34
TM6B

x

P{Arm-Gal4, w+}; Scr+
Scr+
OR
P{Arm-Gal4, w+}; Scr14
TM6B


F1

(ii)

by

w; P{Uas-Scr- X121TT, w+}; Scr+
pb34

UAS Construct
(Scr- X121TT)

OR

Chromosome of
Insertion

Scr+121TT
Scr14121TT

2
X

Scr

2

Scr
Scr

8aa

121TT

8aa, octa

121TT

8aa, octa, LASCY
LASCY

y w; P{Uas-Scr- X121TT, w+}; Scr14
pb34

121TT

Scr
121TT
Ile
Ser10
Scr
121TT
ScrSer10Ala121TT

3c
X
2
3
2

_________________________________________________________________________________________________________________________________________________
aThe

direction of the cross does not matter except for X chromosome insertions, in
which case, females of the UAS-ScrX121TT stock were used in all crosses.
bGenotype of progeny in which UAS-Scr- X121TT is a 2nd chromosome insertion.
cIf insertion of UAS-Scr-X was mapped to the third chromosome, then UAS-Scr-X was
recombined onto the third chromosome with pb34.
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